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Karl Fischer Titration (KFT) is the “gold standard” method for measuring the amount of water in
oils. KFT is a laborious and time-consuming method that requires expensive and hazardous chemicals
which has provided the impetus to develop alternative methods. In this thesis, we investigated three
approaches for determining water content in oils that are based on the use of infrared spectroscopy. In the
first approach, we developed a simple method for measuring water concentrations from 1 to 5000 ppm in
various types of oil that uses no hazardous, and expensive, chemical reagents or matrix specific calibrations.
This approach involves capturing the water from the oil on an infrared transparent membrane and then
recording an IR spectrum in transmission mode through the membrane.
The second approach involves adding CaO powder to an oil sample and measuring the amount of
Ca(OH)2 produced by the reaction of CaO with water. The Ca(OH)2 particles was collected on an infrared
transparent membrane for analysis by infrared spectroscopy. No calibration is required and the amount of
water is determined from measuring the intensity of the OH stretching mode of Ca(OH)2 at 3645 cm-1. The
third approach is based on adding CuSO4 to the oil and forms copper sulfate monohydrate after reacting
with water. The CuSO4·H2O particles are collected by passing a known volume of oil through the membrane
and measuring the intensity of the bending mode of the water band at 1743 cm-1.

All three methods achieved high accuracy and precision when compared to KFT over a linear range
of 1 ppm to 10000 ppm. These were achieved by overcoming problems from light scattering by the water
droplets, as well as the distortions in the water bands due to interactions of the water with the oil that occur
when measuring water levels using transmission in a fixed pathlength liquid cell, as described in the ASTM
standard practice E2412 method. Our recommendation and preference is the CaO method because it does
not require a cooling stage, that is used in the membrane method, and can be used with a wider range of
oils than what is possible with CuSO4·H2O.
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CHAPTER 1
INTRODUCTION
1.1. Background and Introduction of Measuring Water Content in Oil
The solubility of water in most oils are typically less than 100 ppm and this can be increased by the
addition of additives. The low solubility is because the attraction force between water and oil molecules is
weak and not able to overcome the very strong hydrogen bonding that water has with itself.1,2 In oil, water
can exist as dissolved, emulsified, and free water (see Figure 1.1).3 Dissolved water is characterized by
individual water molecules, surrounded by oil molecules. Lubricant oil containing dissolved water appears
bright and clear and typically causes less damage to engine parts than other forms of water in oil. However,
dissolved water in lubricants and turbine oils may also result in corrosion of machine and equipment parts.
Emulsified water is the most common form in oil, which exists as water droplets dispersed in oil
and characterized by a cloudy or milky appearance. This appearance is due to the scattering of light at the
water-oil interface. The third form of water in oil is free water, which exists as separate water and oil phases.
Free water in lubricating oils is even more harmful than emulsified water because, upon agitation through
the engine parts, free water leads to even larger water droplets in the oil and displaces the lubricant even
more.4–6 Therefore, the removal of water from oil during production is required in order to increase
efficiency of engines and machines in industries.7 Furthermore, the presence of emulsified and free water
in oil must be removed from the oil before shipping because customers do not want to pay for water.

1

3

Figure 1.1. Dissolved, emulsified, and free water in oil. Reproduced from A. Abdullah, S. et al.2012.

1.1.1. Effects of Water Contamination in Oil

Water contamination in oil comes from different sources, such as condensation of water vapor,
rain, and moisture in the air. Water can also appear in oil from damaged gaskets, leakage, and cooling
systems in engines, as well as from the chemical reaction of byproducts during the production of oil and
gas.8–10 The performance of an oil is affected by the presence of water. Moving parts in machinery require
oil as a lubricant. Water in cooking oils reduce the lifetime of the oil and lead to crackling during use. Oil
producing companies and industries that use fuel or transfer and store crude oil are adversely affected by
undesirable water in their product stream.

2

Water in lubricating oils have been shown to affect the lifetime of turbine bearings (see Figure 1.2).

Figure 1.2. The relationship between relative bearing life and water concentration in oil. Reproduced from
3

A. Abdullah, S. et al.2012.

As shown in Figure 1.2, the relative bearing life of the oil containing 25 ppm of water increased
from 0 to 250%, compared to the oil sample containing 10000 ppm of water.
Cantley et al.11 showed that free and dissolved water reduced the life of bearings. Cantley et al.
also showed that the warning level of water in oil is about 1000 ppm (0.1%, see Figure 1.3).12–15 At this
concentration, the water level exceeds the saturation point and starts forming water droplets, causing the
oil to appear cloudy. Thus, the water content level in the oil must remain below the saturation point, in the
range of 100 to 300 ppm (0.01 to 0.03%) or less, depending on the oil type, which means the oil will be
clear and no water droplets will be formed.

3

12

Figure 1.3. Amount of water content in oil affecting bearing life. Reproduced from Kamal, G., 2013.

Water contamination in oil has been shown to produce rust, which causes extreme deterioration of
equipment, decomposition of additives, and diminishes performance of the oils.14,16,17 Furthermore, the
presence of water will also change physical properties, such as viscosity and density in turbine oils. This
change in viscosity can alter the lubrication behavior of the oil. The change in oil viscosity 18 depends on
the amount of water that is present in the oil. Additionally, water in turbine oil could increase additive
exhaustion and contribute to the chemical destruction of machine parts through nitration, oxidation,
formation of acids, cavitation, and sludge, as well as degradation by varnish development, which makes the
metal brittle and prone to cracks.8,19–29
The temperature of the oil affects the water saturation point. A temperature increase results in an
increase in the solubility of water in oil. When the oil temperature is then reduced, the saturation curve will
be decreased, resulting in a layer of free water 3 (see Figure 1.4).30

4

Figure 1.4. Relationship between oil temperature and level of dissolved water in synthetic oil. Reproduced
from Mike Day Pall Europe Ltd, et al.2007.

30

Although the water level must be checked in all types of oil, fats, and their products, it is virtually
impossible to supply totally dry oil to the consumers. The high level of water solubility in typical oils is
about 0.1 to 0.2 % without physical proof of its presence.31 The concentration of water in oil samples may
also decrease by evaporation of water, or loss through adsorption on container walls, or with agitation.
These changes that occur with water levels in oils underscore the need for rapid methods to determine water
levels.32
1.1.2. Additives in Automotive Lubricants
Additives are often present in oils to counteract the deleterious effects of water. Water moisture
can react with these additives and therefore these additives supply anti-wear and anti-oxidation properties
to oils. Metals react with water, as described in Equation 1.1. 33
𝑴 + 𝑯𝟐 𝑶 → 𝑴𝑶 + 𝑯𝟐

1.1.

The reaction described in Equation 1.1. produces an oxide layer and generates hydrogen gas.
Depending on the metal, the hydrogen could diffuse along grain lines, resulting in an effect known as
5

hydrogen embrittlement21,8, which increases wear rates.33 Additives, such as zinc dialkyldithiophosphate
(ZDDP), are added as anti-wear in lubricants and as corrosion inhibitors.5,24,34–37 ZDDP is soluble in oil but
not soluble in water because of the long alkyl chain in its structure (see Figure 1.5).38

38

Figure 1.5. Chemical Structure of ZDDP. Reproduced from Mahdi, I.; Garg, R. et al.2012.
ZDDP initially reacts with metal oxides on metal surfaces, such as iron oxide, to form a thin layer
of mixed zinc and iron sulfide. The thin film protects the metal from corrosion and oxidation. The chemical
reactions are shown in Figure 1.6.

Figure 1.6. The chemical reactions by ZDDP derivatives in creating a protective film on the metal surface.
34

Reproduced from Azwar, M. et al.2015.

1.2. Methods for Measuring Water Content in Oil
1.2.1. Karl Fischer Titration Method
Karl Fischer Titration (KFT) was developed by Karl Fischer in 1935 and is considered the ‘gold
standard’ method for determining water content in samples, due to its accuracy. Typically, the KFT reagents
include I2, alcohol, SO2, and a base. The amount of water in a sample that is measured by KFT is reported

6

as ppm of water or % water.39–46 In KFT, there are two approaches. These involve coulometric generation
of I2 and volumetric addition of I2. The chemical reactions using either approaches are shown below.
The KFT reaction involves two steps, as shown in Equations 1.2 and 1.3:
𝑪𝑯𝟑 𝑶𝑯 + 𝑺𝑶𝟐 + 𝑹′ 𝑵 → [𝑹′ 𝑵𝑯]𝑺𝑶𝟑 𝑪𝑯𝟑

1.2

Methyl sulfite

[𝑹′ 𝑵𝑯]𝑺𝑶𝟑 𝑪𝑯𝟑 + 𝑰𝟐 + 𝑯𝟐 𝑶 + 𝟐𝑹′ 𝑵 → [𝑹′ 𝑵𝑯]𝑺𝑶𝟒 𝑪𝑯𝟑 + 𝟐[𝑹′ 𝑵𝑯]𝑰

1.3

Methyl sulfate
where R′ N = base (pyridine or imidazole).

Generally, an alcohol in KFT is used as a solvent and the key component of the titrant is I2. In the
first reaction of the KFT (Equation 1.2), alcohol (usually methanol or ethanol), SO2 and a base (R'N) react
to form an alkyl sulfite salt intermediate. In the second reaction, the intermediate alkyl sulfite salt is oxidized
by I2 and reacts with water from the sample to produce an alkyl sulfate salt. Note that the base used in KFT
could be pyridine or imidazole and acts as a buffering agent to adjust the pH range of the working
medium.39,40,47–50 The amount of water in the sample is determined from the known amount of I2 consumed
(1:1 ratio in Equation 1.3).51 In other words, one mole of I2 will react with one mole of water. From the
amount of I2 consumed in the reaction, the concentration of water in the sample is calculated.39,40,47,52,53

1.2.1.1. Types of KFT

There are two types of methods to measure the I2 levels in KFT. These are known as the volumetric
and coulometric titration methods. Both approaches are based on the same reaction mechanism. In the
volumetric KFT (see Figure 1.7), I2 is included in the KFT reagent solution. In the coulometric approach
(see Figure 1.8), I2 is generated at an electrode by electrochemical oxidation in the titration cell. The
7

volumetric titration is suitable for determination of the high-water concentration in the range of 100 ppm
to 100%. The coulometric titration is primarily used to measure the low water concentration from 1 ppm to
5%.39,40

Figure 1.7. Equipment used in the volumetric KFT. Reproduced from Caro, C. A. De., 2017.

52

39

Figure 1.8. Equipment used in the coulometric KFT. Reproduced from Ecknauer, et al.2003.

8

In the volumetric method, the solvent (methanol) bottle connects by a tube to the KFT titration cell.
Then, about 40 ml of the solvent is added to the titration cell. The reagents (I2, SO2, and base) are then
added to the titration cell using a burette that is connected to the reagent bottle. A waste bottle is connected
to the titration cell for emptying the cell (see Figure 1.7). In the coulometric titration method (see Figure
1.8), the coulometric reagent (alcohol, iodine salt, SO2, and base) is added to the cell and the I2 is generated
from the iodine ions.
The coulometric approach is shown in Figure 1.9. The I2 is generated by electrochemical oxidation
(see Equation 1.4) at the anode the titration cell is equipped with a diaphragm, which uses two solutions,
one in the cathode chamber (the inner compartment of the titration cell) and the other in the anode chamber
(the outer chamber). At the cathode, reduction occurs to form H2, as shown in Equation 1.5 and Figure 1.9.
The appearance of bubbles in the titration vessel indicates the formation of H2 gas at the cathode.39,40,54–59
𝟐𝑰− → 𝑰𝟐 + 𝟐𝒆−

Anode (oxidation)

1.4

𝟐𝑯+ + 𝟐𝒆− → 𝑯𝟐

Cathode (reduction)

1.5

Cathode compartment
filled with catholyte

Anode compartment
filled with anolyte
solution

Diaphrag
m

Figure 1.9. Scheme showing the reactions occurring at the anode and cathode in KFT.
Reproduced from Hans-Joachim, et al.2011.40

9

Both the volumetric and coulometric KFT titration methods measure the current and the time to
reach the titration endpoint. After reaction starts between I2 and water in the titration vessel, low voltages
are required to produce current and then, with time, the voltage increases steeply. As soon as all the water
has reacted with I2, the excess iodine I2 causes the voltage to decrease sharply to maintain a constant
polarization current which triggers the titration to terminate, indicating the endpoint.39,40
Although KFT is accurate for determining the water content in a sample, it has the disadvantage of
being a lab-based technique that uses expensive and hazardous chemical reagents. Additionally, the analysis
of the high concentrations of ≥ 3000 ppm takes a long time (several hours) per sample.19,39,40,57

1.2.2. Crackle Method
The crackle test is a simple method for identifying the presence of water in oil. This is a visual test
and is effective for identifying free and emulsified water in oil. However, this method does not provide an
accurate measurement of the water concentration. The crackle test method is based on placing two drops of
oil onto a hot plate that has been heated to 320 °F (160 °C) (see Figure 1.10)60,61, followed by listening for
any audible crackle or observing bubbles appearing in the oil droplet. A crackling sound and bubbles will
not be detected if the water levels are below 500 ppm. However, if the oil contains water above 500 ppm,
heating the oil will cause the water to vaporize, leading to an audible crackle and/or observable bubbles in
the oil droplet. This method can be easily performed in the laboratory with simply a syringe and a hot plate.
A laboratory shaker is often used to mix the sample to create a homogeneous suspension.

10

60

Figure 1.10. Schematic illustration of the crackle test method. Reproduced from Fitch, J. C., 2000.

The amount of water in the oil can be estimated by the size of the bubbles, as illustrated in Figure
1.11. However, the crackle test method is non-quantitative and considered hazardous because of the need
for protective eyewear and long-sleeved shirts.60

Figure 1.11. Concentration of the water in oil determined by the crackle test. Reproduced from A.
3

Abdullah, S. et al.2012.
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1.2.3. Calcium Hydride Method
Another method is based on the reaction of water in an oil sample with calcium hydride to produce
calcium hydroxide and hydrogen gas (see Equation 1.6).20
𝑪𝒂𝑯𝟐(𝒔) + 𝟐 𝑯𝟐 𝑶(𝒍) → 𝑪𝒂(𝑶𝑯)𝟐(𝒔) + 𝟐𝑯𝟐

1.6

In the reaction shown in Equation 1.6, one mole of water in the oil sample will produce one mole
of hydrogen gas. The water concentration in the oil sample is then determined by measuring the pressure
of the hydrogen gas produced in the reaction. In this method, the sample is placed in a reaction vessel (see
Figure 1.12) with the calcium hydride and a dry solvent. Then, the reaction vessel is sealed and shaken
vigorously. The aim of shaking the oil sample is to obtain a homogeneous sample and to accelerate the
reaction before testing.

Figure 1.12. Reaction vessel used in the calcium hydride method. Reproduced from Spectro Scientific,
20

2000.

While this method is fast and inexpensive, it has some limitations in that it uses chemicals and
solvents, which adds to safety concerns as the reaction vessel runs under pressure. If the water concentration
in the sample is high, ~ 8% (80000 ppm), the H2 gas pressure in the test kit will be higher than the upper
level of the manometer, making it necessary to dilute the sample and run it again. Furthermore, the reaction
vessel must be completely dry before testing the sample.20,3,62
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1.2.4. Infrared Spectroscopic Based Methods

Infrared (IR) spectroscopy is one of the most common methods used for the determination of
moisture content in oil63 and is a leading candidate to replace KFT. The method, as described in ASTM
E2412, is straightforward and requires no chemicals.64 The oil is simply injected into a liquid transmission
cell and a spectrum is recorded in transmission mode. Typical spectra recorded, using a ZnSe transmission
flow cell with a fixed pathlength of 0.1 mm, are shown in Figure 1.13. Spectra were recorded for various
levels of water in crankcase oil and the concentration of water was determined from the intensity of the
broad water peak band at 3400 cm-1.

Figure 1.13. Infrared spectra of various concentrations of water in crankcase oil. Reproduced from ASTM
E2412, 2004.64

A typical liquid cell is illustrated in Figure 1.14. It consists of a metal cell holder with two aperture
plates, Teflon spacers to fix the pathlength range from 0.08 to 0.12 mm, and two windows made from CaF2,
13

BaF2, or ZnSe. The liquid cell parts are held together by four knurled screws and the sample is injected
between the windows.64,65 The liquid cell is placed in the sample holder in the FTIR spectrophotometer and
spectra over the range from 4000 to 550 cm-1 are recorded, using a deuterated triglycine sulfate (DTGS)
detector. Suitable window materials include CaF2, BaF2, ZnSe and ZnS, as these materials are insoluble in
water. Common window materials, such as NaCl and KBr, should not be used because these materials are
hygroscopic and thus, prone to water damage. Typically, a liquid cell with ZnSe windows or cuvettes,
transparent in the mid-IR region of 4000 to 650 cm-1, are used.17,65–68

65

Figure 1.14. A fixed pathlength liquid cell. Reproduced from Dittes, N. et al.2018.

The most attractive feature of the ASTM E2412 method is that it is simple, rapid and requires no
reagents. The intensity of the OH stretching mode observed between 3500 and 3150 cm-1 (see Figure 1.13)
is used to determine the concentration of water in the oil. However, the problems with this method are that
the water mode near 3400 cm-1 can be easily distorted, due to interactions with oil additives, or altered, due
to light scattering by the water droplets. Furthermore, a broad band at 3400 cm-1 is due to hydrogen bonding
between water molecules and thus, does not occur with water dissolved in oils.
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Examples of these above problems are given in ASTM E2412. For example, water in oils
containing stearic acids, such as vegetable oils and polyol ester lubricants, do not form a broad band at
3400 cm-1 but rather result in a series of broad bands over the region between 3700 and 3400 cm-1 (see
Figure 1.15). In Figure 1.15, the band at 3475 cm-1 is the overtone mode of the C=O stretching mode in fatty
acids that appears at ~1720 cm-1 (not shown). The bonding between the water and the C=O group leads to
a series of water peaks from 3700 and 3300 cm-1 rather than the single broad peak near 3400 cm-1, as shown
in Figure 1.13.
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Figure 1.15. Infrared spectra of water in polyol ester lubricants. Reproduced from ASTM E2412, 2004.

The effect of light scattering by water droplets is also of concern. An example of the problem is
demonstrated in the ASTM method E2412 and is replotted here in Figure 1.16. These spectra were recorded
for water in extreme pressure (EP) fluid. In this case, the infrared beam is scattered totally by the water
droplets and no water band at 3400 cm-1 is observed. The approach described in ASTM E2412 is to calibrate
the offset of the baselines to determine water content. In particular, the area under the curve indicated as a
shaded region is integrated and used to determine the concentration of water in the EP fluid. We note that
this is equivalent to a light scattering method and has no spectroscopic foundation.
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Figure 1.16. Spectra of various water concentrations in EP fluid. Reproduced from ASTM E2412, 2004.

There have been some IR methods developed to overcome this problem of light scattering by the
water droplet. One method uses surfactants to distribute and stabilize the water droplet size in the oil.69 The
headgroup of the surfactant will interact with the water droplet and the hydrophobic tail will be dispersed
in the oil (see Figure 1.17). The result is that the water droplets in the oil are more uniform and reduced in
size, which leads to lower scattering of the infrared beam (see Figure 1.18). However, in the absence of the
surfactant, this unstable emulsion breaks down and the water droplet becomes larger again, forming
unstable emulsions.69–72
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Figure 1.17. Schematic representation of water in oil emulsion. Reproduced from Wong, S. F. et
al.2015.70

Furthermore, by stabilizing the water droplet size, precision of the measurement is improved.
However, each system still requires a calibration curve.69,72–80

a. Large droplets scatter infrared light

b. Small droplets absorb infrared light

Figure 1.18. Graphical representation of a) an infrared analysis of oil with a range of water droplet sizes
where the large droplets are scattering the light, and b) an infrared analysis of oil with uniform, small
69

particles that absorb the infrared light. Reproduced from Higgins, F.; et al.2013.
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Another IR spectroscopic approach has been to extract the water from the oil into a solvent. One
of the suitable dry solvents used was dry acetonitrile.81 In this method, the dry acetonitrile was added to the
oil samples that contain various water concentrations and then mixed vigorously. Furthermore,
water-acetonitrile was extracted from the lubricant oil and collected in vials. The moisture was then
measured by injecting the sample into a 1000 µm pathlength CaF2 transmission flow cell, recording an IR
spectrum and then measuring the water band in Mid-infrared spectroscopy. The water is miscible with the
acetonitrile and thus, does not form water droplets. Furthermore, the acetonitrile has no bands in the water
adsorption region, enabling the measurement of the OH stretching mode of water band at 3630 and
3540 cm−1. However, the acetonitrile extraction-based method can lead to co-extracted components, such
as additives and phenolic constituents, which leads to reducing the method sensitivity and accuracy.16,81,82
Furthermore, each oil sample requires a calibration curve to account for interferences and extraction
efficiencies.
Extraction into dry dimethyl sulfoxide, combined with transmission IR spectroscopy, has also been
used to detect water content in different types of oil. Although this method works well for the determination
of water content in oil, it has low accuracy because of the interference with some aminic, phenolic additives
and other oxidation products that are present in the lubricants.83 Furthermore, this also requires the need for
a dry and toxic solvent and a calibration curve for each system.
Another IR approach that has been successfully used for the determination of water content in oil
is based on the stoichiometric reaction of the water in oil with different chemical substances. One of these
methods is based on the stoichiometric reaction of the moisture in an oil with toluenesulfonyl isocyanate
(TSI) to produce CO2, as presented in Equation 1.7.84

1.7
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Equation 1.7 shows that 1 mole of CO2 was produced for each mole of water. Moreover, the amount
of water is determined by measuring the peak for CO2 at 2335 cm-1 by IR spectroscopy. The main drawback
to this method is that measuring CO2 gas in a liquid requires a reagent and is subject to losses of some CO2
gas during the analysis. Similarly, 2,2-dimethoxypropane was used as a stoichiometric reaction with
moisture in oil to produce acetone and was measured by IR spectroscopy.85
In this thesis, we developed three approaches to overcome the common problems in the KFT and
ASTM method E2412 for measuring water content in oils. Power steering fluid, Golden Chef vegetable oil,
and extreme pressure (EP) fluid were used in this work. These three oils were selected because they
represent three types of oil that are presented as difficult oils for measuring water levels using the ASTM
method E2412 because they have distorted water bands, due to interaction of water with components of the
oil, or have high scattering levels of the infrared light. In all cases, a calibration curve is required for each
oil.
We first describe the use of an infrared transparent membrane combined with infrared spectroscopy
for measuring water content in the three types of oils. This method is based on extracting the dissolved
water or emulsified water droplets in oil by passing a known volume of oil through the membrane and then
recording an infrared spectrum in transmission mode through the membrane. In all cases, the IR spectra
(for an example, see Figure 1.19) show bands due to the classic spectrum of liquid water. Using the intensity
of these bands along with literature values for their extinction coefficients, we were able to measure water
levels in oil from 1 to 5000 ppm. This method does not require hazardous or expensive chemical reagents
and it takes about 1 to 2 minutes per sample, compared to several hours per sample using KFT. Also, this
method eliminated the light scattering problem by the water droplets in oils because the water droplets burst
upon contact with the membrane surface and deposited as an adsorbed layer of water on the membrane. For
that reason, specific calibrations are not needed for each water band to determine the amount of water in
the sample, as described in the ASTM method.
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Figure 1.19. The infrared spectrum of water in power steering fluid passed through a membrane.
The second project involves adding CaO powder to an oil sample containing water to produce 1
mole of Ca(OH)2 for each mole of water. The Ca(OH)2 particles are captured on the infrared transparent
membrane, and an infrared spectrum is recorded in transmission mode. Then, the amount of water is
determined from the intensity of Ca(OH)2 at 3645 cm-1 (see Figure 1.20).
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Figure 1.20. Infrared spectrum of calcium oxide powder added to water in power steering fluid.
The reason for developing this method is that it addresses some of the drawbacks to the
membrane-based approach. In particular, this method (1) does not need a cooled sample holder to avoid
evaporation of water from the membrane, (2) uses one single band at 3645 cm-1, enabling the potential use
of a low cost filtermetric spectrometer and (3) results in an expansion of the detection limit of water content
in oil to the range from 1 to 10000 ppm.
The third project involves a reaction between copper sulfate (CuSO4) and the water content in oil
to produce copper sulfate monohydrate. The amount of water was measured from the intensity of the
bending mode of the water at 1743 cm-1, which was shifted from 1640 cm-1 (see Figure 1.21) due to
coordination of the water molecules with the CuSO4.
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Figure 1.21. Infrared spectrum of copper sulfate powder added to water in power steering fluid.

One of the drawbacks to the ASTM method is that water peaks can be distorted, due to interaction
of the water with impurities or components of the oil. The central concept of this third approach takes
advantage of this limitation in the ASTM method E2412. Here, we add an additive to force an interaction
with water that leads to a reproducible spectrum of water that is different from liquid water. In essence, the
CuSO4 powder was used to change the structure of the water through binding with the water molecules.
The bending mode at 1640 cm-1 for liquid water shifted to 1743 cm-1, due to the coordination of the water
molecule with the Cu2+ ion of the CuSO4. This shift in the water bending mode in hydrates of CuSO4 has
been reported.86,87
The time per sample of measurement water content in oil by KFT is very important. I was working
in an oil company in Iraq from 2007 to 2014. In my job, I was using KFT equipment to measure water
content in different types of oil. In that company, the acceptable concentration of the water in oil ready to
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ship to their customers was about 250 ppm. Furthermore, for some samples that contain high concentrations
of water (~5000 ppm), it takes several hours to obtain the water content in ppm by the KFT method, which
meant that these samples needed more treatment to reduce the amount of water in the oil before shipping.
All three IR methods developed in this thesis gave equivalent values for water concentrations in
oils. However, we prefer the CaO based method because this method is the easiest to perform and does not
require a chilled sample holder that was required with the membrane method in Chapter 2. Furthermore,
measuring the band of Ca(OH)2 at 3645 cm-1 in the CaO method is in a region that has fewer bands from
interferents compared to the bending mode band at 1743 cm-1 for the CuSO4·H2O. Also, the use of a single
sharp band with the CaO powder could potentially lower the cost, as a filtermetric system could be used
instead of an FTIR.
The three methods we developed and described in this thesis have been submitted as a patent under
the title "Systems and Methods for Determining Water Content in A Sample" with a filing date on
September 14, 2020.
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CHAPTER 2
A REAGENTLESS AND RAPID METHOD TO MEASURE WATER CONTENT IN OILS
2.1. Introduction

Water is the principle contaminant in all types of oil and often leads to undesired properties. Water
contamination in oil comes from a variety of sources, such as leakage through damaged gaskets on reservoir
covers and from the condensation of water vapor in air, due to the difference between the temperature and
water vapor pressure in the atmosphere or during the system cooling.88,89
Furthermore, water in the oil can cause damage to the oil and to machine parts. Moreover, the water
contamination of oil leads to a change in the physical property of an oil, such as changing the oil viscosity
which would directly affect the equipment reliability. For example, the presence of water in lubricants leads
to oil degradation and to the corrosion and wear of metal components Water in oil can lead to the formation
of sludge, which leads to blockage of filters in the industrial parts.90 Also, the presence of water in oil has
impact on the processing, storage, transportation, and pricing of oil.91
The gold standard method for measuring water concentration in oils is KFT. This method provides
a wide range detection of water from 1 ppm to 100% of water and is achieved through the selection of the
concentration and volume of reagents. However, the use of these hazardous or expensive reagents has
motivated the development of alternative methods to KFT for determining water levels in oils.92,93
One method that has garnered much attention is based on the use of infrared spectroscopy. 32,64,68
This method, as described in ASTM E2412, is straightforward, rapid, and involves no chemical additives.
An oil sample is simply injected into a fixed pathlength cell of 0.08 mm to 0.120 mm and then, an
absorbance spectrum in transmission mode is acquired. The amount of water is then determined from the
intensity of the broad OH band of water near 3400 cm-1. While simple in principle, there are several
problems with this approach. Interactions of the water with other oil additives or with the oil itself can alter
the intensity and position of the water bands and thus, a calibration is required for each matrix. In addition,
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the water exists more often as droplets dispersed in the oil and these droplets lead to scattering of the
infrared radiation. In some oils described in ASTM E2412, the scattering is so severe that no water band at
3400 cm-1 is observed. The procedure in this case is to calibrate based on the offset of the baseline in the
spectrum.
Several approaches have been proposed to overcome these problems. These include the use of
surfactants to stabilize water droplet size,69 extraction with dry solvents82,83,94 and the addition of a reagent
that reacts with water in the oil, followed by quantification of the products formed by IR spectroscopy.84,16
Use of a surfactant leads to increased precision of the measurement, but a calibration is required, as the
droplet size is dependent on the experimental conditions and sample matrix.69 Extraction with dry solvents,
such as acetonitrile16,81, require calibration to account for extraction efficiencies. Furthermore, water can
interact with other components in the oil that are also extracted by the solvent. In the case of reactants,
dimethoxypropane95 and toluenesulfonyl isocyanate84 react with water dispersed in oil to produce acetone
and carbon dioxide, respectively. The products formed are detected by monitoring the C=O stretching
modes in the IR spectrum. In this regard, the C=O band for carbon dioxide has the advantage of appearing
in a region of the infrared spectrum where most oils are transparent. In all approaches, reagents are required.
In this chapter, we describe an approach to measure water in oil by IR spectroscopy that does not
require any reagents or matrix-specific calibrations. The water existing as dissolved water or emulsified
water droplets is extracted by an IR transparent membrane. The water exists as an adsorbed water layer on
the membrane and. in all cases, produces the classic spectrum of water. No calibration is required for each
matrix and a detection range from 1 to 5000 ppm is demonstrated.

2.2. Experimental
2.2.1. Materials and Equipment

The three oils used in this work were (1) SMB power steering fluid, distributed by SMB
International, LLC West Long Branch, NJ, USA, (2) Golden Chef vegetable oil, distributed by Stratas
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Foods LLC, Memphis, TN 38016 and (3) an extreme pressure (EP) fluid (MASTER PRO (GL-5 SAE
85W-140 Gear Oil), distributed by Ozark Automotive Distributors, Springfield, MO 65801, USA. These
oils were selected because they represent the three difficult types of oils described in ASTM E2412. All
three oils were purchased from a local supermarket. The measured densities were 0.95, 0.94 and 0.98 g/ml
for the power steering fluid, vegetable oil and EP fluid, respectively. The CCl 4 was obtained from Acros
Organics and was used as received (CAUTION: CCl4 is a known carcinogen). The water content in the
CCl4 was 100 ppm, as reported on the product label, and this concentration was verified by KFT. A digital
pH meter – Model 2100 pH/Temp/mV Meter was obtained from (VWR Scientific, West Chester, PA 19380,
USA).
Oil samples containing 1 to 5000 ppm of water were prepared by adding a known volume of 50%
vol water in acetone to a stirred beaker containing 25 ml of the oil. The mixture was stirred on a magnetic
plate for 2 hours to ensure the homogeneity of the samples and to allow the acetone to evaporate. For
concentrations > 5000 ppm, the samples were stirred more vigorously using an overhead propeller. A
known volume of the samples was extracted from the stirred beaker using a micropipette or a 10 ml syringe.
These samples were either transferred to a stoppered vessel for measurement by KFT or immediately
processed with the membrane.
KFT of the pure oils and the water in oil samples were measured volumetrically on a Metrohm
Titrando 841 or coulometrically on a Metrohm 756 KFT. For the volumetric system, the reagent used was
HYDRANAL® - Solver (Crude) oil. For coulometric KFT, the reagent was HYDRANAL® - Coelomate
AG. The KFT instruments were calibrated using a 1 ml of HYDRANAL® Water Standard 1%. All KFT
reagents were obtained from Sigma Aldrich.

2.2.2. The Membrane Assembly

The stainless-steel membrane assembly (part no. 1980-001) was obtained from Whatman and
modified by removing the outlet tube connector (see Figure 2.1), as this obstructed the transmission of the
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IR beam through the assembly. The 13 mm diameter IR transparent membranes were obtained from Orono
Spectral Solutions Inc. The use of PTFE based membranes have seen widespread usage in IR spectroscopy,
as exemplified by disposable PTFE IR cards introduced by 3M in the mid 1980’s and, more recently, the
ClearShotTM devices by Orono Spectral Solutions Inc. The novelty of the work described here pertains to
the application of infrared transparent membranes to quantify water in oils.
The IR transparent membranes were approximately 37 µm in thickness and had a measured void
fraction of 55%. Assembly of the entire system (see Figure 2.1) consisted of a 13 mm metal screen, followed
by the membrane, then two Teflon™ O-rings (13 mm OD, 11 mm ID diameter). The metal screen provided
mechanical stability and had 50% throughput across the entire IR spectral region. The two Teflon™ rings
provided a seal between the membrane and the top portion of the membrane housing. All spectra were
recorded in transmission mode through the Luer™ lock of the assembly mounted at the sample focus of an
ABB-Bomem FTLA 2000 FTIR. The transmission through a membrane assembly containing only the metal
screen was 40% relative to an open beam reference. Transmission through the device containing the
membrane was about 40% relative to an open beam. This aspect is discussed in the Results and Discussion
section.
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Figure 2.1. A picture and schematic of the stainless-steel membrane assembly.
The following procedure was used to flow the oil sample though the membrane assembly. A 10 ml
disposable syringe containing a known volume of sample was connected to the Luer™ lock of the
membrane assembly. The sample (typically 1 to 10 ml) was pushed through the membrane using a syringe
pump (NE-1600, USA) (see Figure 2.2) at a flow rate of 1 ml/min. The syringe pump was placed vertically
to ensure that the sample passed uniformly upwards through the membrane. The use of a syringe pump is
optional. For most oils, the samples can be processed by hand. The remaining sample in the headspace of
the membrane assembly (about 1 ml) was then pushed through the membrane by applying a short 1 to 3
second pulse of N2 gas. The membrane remained fully wetted by the oil, as this is important to achieve
transparency in the IR spectral region and to minimize evaporation of the adsorbed water.
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Figure 2.2. The syringe pump (NE 1600, USA) used to push a sample through the membrane.
When recording a spectrum, the sample holder required cooling to avoid evaporation of the water.
We designed a home-built sample holder for this purpose and note that commercial cooling systems with
circulating fluids could be used for this purpose. The sample holder consisted of a standard 100 ml plastic
bottle that was modified to accommodate a standard ¾ inch spark plug socket (see Figure 2.3). The bottle
was filled with antifreeze fluid (CRYO-TEKTM-100) and placed inside a freezer, set at -20 ⁰C for 30
minutes. Prior to insertion of the sample holder in the freezer, the area within the socket was flushed with
N2 and sealed with paraffin film. This prevented condensation of water on the interior walls of the spark
plug socket. After passing the oil sample through the membrane assembly, the assembly was inserted into
the socket of the home-built sample holder that was pre-cooled to -20 ⁰C and placed into the spectrometer
sample compartment, Then, an IR spectrum was recorded. The sample compartment of the spectrometer
was purged with N2 to prevent atmospheric water from adsorbing onto the cooled membrane assembly. We
found the intensity of the water bands at 3420 cm-1 remained constant for at least 6 minutes, which exceeded
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the 1 to 2 minutes used to record an infrared spectrum.

Figure 2.3. A picture of the home-built sample holder and the FTIR setup.
We also investigated the need for pre-cooling the membrane assembly prior to passing the oil
sample and the potential use of plastic membrane assemblies. We found no difference in the retention time
of the water when we passed the oil sample through a membrane assembly at room temperature or one
pre-cooled to -20 ⁰C. However, the retention time decreased from 6 minutes to 1 minute when we substituted
a metal assembly for a plastic one. For this reason, all experiments were performed with a metal assembly.
We expect that retention times will not be an issue with a continuously cooled sample stage and thus, enable
the use of disposable plastic units.
When the concentration of water in oil was > 1000 ppm, the sample volume processed was less
than the minimum 1 ml volume of the assembly headspace. In this case, a 30 µl sample of the oil was
deposited directly onto the membrane, using a micropipette. A 13 mm dia. membrane was placed on top of
a screen and the micropipette was moved across the entire surface of the membrane, while ejecting the 30
µl, to ensure equal distribution across the entire surface. The membrane was placed inside the metal
assembly and then inserted inside the sample holder that was pre-purged with N2 gas. The openings of the
sample holder were covered with parafilm and then placed inside the freezer for 30 minutes. Then the
sample holder was mounted in the FTIR sample compartment and an IR spectrum was recorded.
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All spectra were recorded on an ABB-Bomem FTLA 2000 FTIR equipped with a DTGS detector.
A spectrum consisted of 100 coadded interferograms at 8 cm-1 resolution and required about 1 minute to
record. A prerecorded reference spectrum was used in all measurements. The reference was recorded
through a membrane that was fully wetted with about 30 µl of the pure oil. Reference spectra were recorded
on a weekly basis. However, no differences in the measured amount of water were detected when using the
current reference spectrum or with previously stored reference spectra that were recorded several months
prior to the measurement. The use of a recorded reference is valid when analyzing multiple samples of the
same oil and would not necessarily be valid when analyzing an unknown. One approach when faced with
an unknown would be to record the reference with the sample oil. The volume of oil used for a reference is
about 30 µl which is less than the 1 ml used to measure water in oils in the range of 10 to 1000 ppm. In this
case, the water level in the reference would only contribute 3% to the intensity of the measured water peak
and this could be lowered by passing more volume of sample through the membrane.
Transmission IR spectra of all samples were measured for comparative purposes. These were
recorded using a 1.2 mm pathlength transmission liquid cell equipped with CaF2 windows. A reference
spectrum was recorded through the empty transmission cell prior to adding the oil sample. The transmission
cell was cleaned between measurements by flushing with acetone, followed by purging with N 2 gas. A
check on the cleanliness was performed by recording a spectrum through the cleaned cell, using an open
beam as the reference. The cleaning procedure was repeated until no bands, due to residual oil or acetone,
were detected in the spectrum.

2.3. Results and Discussion
2.3.1. Qualitative Aspects for the Detection of Water in Oil

In the ASTM method E2412, the water band at 3400 cm-1 is used to determine the water levels in
oils. The first problem is that a band at 3400 cm-1 does not occur or is distorted for oils that contain dissolved
water. From purely spectroscopic arguments, the two OH stretching modes of water appear as a broad band
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at 3400 cm-1, due to the formation of a hydrogen-bonding network between water molecules in the liquid
state. Thus, a band at 3400 cm-1 is indicative of the presence of liquid water which would only appear when
there are dispersed water droplets in the oil. For dissolved water in oil, the frequency and intensity of the
water modes will depend on the nature of the interaction with the oil matrix. We illustrate this point in
Figure 2.4, with the spectra of dissolved water in CCl4, power steering fluid, vegetable oil and EP fluid.
The CCl4 sample was recorded through a 1 cm quartz cuvette, whereas the transmission, vegetable, and EP
fluids were recorded using a fixed pathlength cell of 1.2 mm.

Figure 2.4. Transmission spectra of water at various concentrations in (a) CCl4, (b) power steering fluid,
(c) vegetable oil and (d) EP fluid. Spectra were recorded using a 1 cm glass cuvette for CCl4 and a 1.2
mm fixed pathlength cell for the oils.

Figure 2.4a is the IR spectrum of 100 ppm of water in CCl4 and shows two sharp bands at 3707 and
3616 cm-1 assigned to the asymmetric and symmetric OH stretching modes of water, respectively. In CCl4,
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the water molecules interact through weak van der Wall's forces with the surrounding CCl 4 molecules
leading to well-resolved and sharp OH stretching modes.96 We note that CCl4 was selected solely for its
transparency in the IR spectral region which enabled use of a 1 cm pathlength cell for detection of the weak
water bands.
In Figure 2.4b, the spectra obtained for water dissolved in power steering fluid shows two sharp
bands at 3450 and 3421 cm-1 that are due to the asymmetric and symmetric OH bands of water, respectively.
Above 1000 ppm, a broad band near 3400 cm-1 is also observed. From a spectroscopic viewpoint, a shift in
the asymmetric and symmetric mode to lower frequencies (compared to CCl 4) is indicative of a stronger
interaction of dissolved water with a component in the power steering fluid. Furthermore, the relative
intensity of the OH stretching modes are reversed in the power steering fluid, compared to CCl4. For water,
the transition dipole mode for the asymmetric and symmetric OH stretching modes are orthogonal in
direction (see Figure 2.5). From known spectroscopic trends, the symmetric mode is enhanced, relative to
the asymmetric stretching mode, by the presence of a positively charged additive interacting with the
oxygen atom of a water molecule.97 We have identified the additive leading to water peaks as zinc
dialkyldithiophosphate (ZDDP), a corrosion and oxidative inhibitor. The desired properties imparted by
ZDDP are due to decomposition products, which include zinc salts.34 We confirmed that the interaction of
the dissolved water with the zinc salts leads to the spectrum shown in Figure 2.4b by adding 50 µl of ZDDP
to 1 ml of a 5000 ppm of water in power steering fluid. The spectrum recorded for this sample showed an
increase in intensity of the two water bands at 3450 and 3421 cm-1.
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Figure 2.5. Orientation of transition dipole moments for the two stretching modes of water, relative to the
location of the Zn2+ cation.
The spectra of water in vegetable oil shows a series of broad bands over the region between 3700
and 3300 cm-1 (see Figure 2.4c). Vegetable oils contain fatty acids, as evidenced by a strong C=O mode at
1720 cm-1 (not shown) and the overtone mode at 3475 cm-1 in Figure 2.4c. It is the hydrogen bonding of
water to the acid group that leads to the series of bands between 3700 and 3300 cm-1. While quantification
with these broad bands using a liquid transmission cell is possible, a matrix specific calibration would be
required.
The spectra shown in Figure 2.4a-c highlights some of the difficulties in measuring dissolved water
in oil by IR spectroscopy. In each case, the dissolved water does not produce a broad band at 3400 cm -1.
The bands due to water vary in frequency and intensity and thus, each matrix would require a calibration
with standards containing known quantities of dissolved water.
The appearance of a broad band at 3400 cm-1 would occur for emulsified suspensions of water
droplets in oil. However, these water droplets also lead to the scattering of infrared radiation, which render
quantification difficult at best.64,69 This point is illustrated in the spectra shown in Figure 2.4d for EP fluid
in which the scattering is so severe that no band at 3400 cm-1 is detected. What occurs is an offset in the
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baseline with increasing ppm of water. The procedure described in ASTM E2412 for this case is to calibrate
using the baseline offset from the spectrum obtained for 0 ppm of water, which is tantamount to performing
a light scattering measurement.
Our approach circumvents the spectral variations seen with dissolved water in oil and eliminates
light scattering in emulsified suspensions by capturing the water in an oil on an IR transparent membrane.
The dissolved water is extracted from the oil and the water droplets burst upon contact with the membrane
fiber, leading to an adsorbed water layer on the membrane. In all cases, the well-known spectrum of liquid
water is obtained, characterized by a broad band around 3420 cm-1. This essential element of the
membrane-based method is demonstrated in Figure 2.6.

Figure 2.6. Infrared spectra of (a) 3 ml of a 10 ppm of water in vegetable oil and (b) 3 ml of a 10 ppm of
water in power steering fluid passed through the membrane device. Curve (c) is for 30 µl of a 3000 ppm
of water in EP fluid pipetted onto a membrane. Spectra are offset for clarity. The region between 3150
and 2485 cm-1 in curve (c) is blanked to remove CH bands due to the EP fluid.
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Specifically, the infrared spectra in Figure 2.6 were obtained by passing an oil sample from each
oil type through the membrane which gave rise to the spectra in Figure 2.4b-d.
The reference spectra used for the spectra in Figure 2.6 were recorded with a membrane saturated
with the corresponding pure oil. The reason for recording a reference this way was to obtain transparency
through the membrane. This point is illustrated with the transmission spectra of a dry membrane, and
membranes saturated with oil and with water, shown in Figure 2.7. For Figure 2.7a-c, a reference spectrum
was recorded with the infrared beam passing through a membrane assembly containing a screen. The
spectrum of the membrane (see Figure 2.7a) shows bands due to CF modes at 1250 to 1130, 640 and
500 cm-1. There is also a continual decrease in transmission above 1250 cm-1, which is due to scattering of
the light arising from the porous nature of the membrane. As shown in Figure 2.7a, the light scattering
through the membrane lowers the transmission at 3420 cm-1 to about 1%T (0.13%T vs open beam),
rendering the membrane too opaque for this work. In contrast, by filling the voids with oil, the transparency
increases to 30% at 3420 cm-1 (see Figure 2.7b). For this reason, we record both the reference and sample
spectra with the membrane saturated with oil. An even greater refractive index match occurs between the
water and the membrane. Figure 2.7c shows the IR spectrum of a membrane fully saturated with water. The
membranes become clear and are exemplified by a flat baseline across the entire infrared region. While the
amount of water needed to saturate the membrane (~ 30 µl) is enough to render the band at 3420 cm-1 too
intense, weaker water modes, such as the combination modes at 2174 cm-1 in the infrared region or
5185 cm-1 in the near-IR region, could be used to quantify the amount of water. Thus, from a purely
spectroscopic perspective, the membrane approach could be used to quantify water content in the range of
1% to 100% water by simply filling the pore structure with liquid and calibrating on the relative intensity
of a water peak to an oil peak. This aspect is discussed further in Section 2.3.2.
The merit in using weaker water bands to expand the quantitative range of detection is shown in
Figure 2.7d. This spectrum was obtained after passing 1 ml of a 1000 ppm of water in power steering fluid
through a membrane. Since about 30 µl of oil is retained on the membrane and in the holes of the screen,
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the infrared bands due to oil were reduced by a factor of 30, relative to the water bands, in comparison to a
transmission spectrum recorded with a fixed pathlength cell. As a result, several windows appear in the
spectrum that would not be available with traditional transmission measurements using a liquid cell. The
spectrum shown in Figure 2.7d has narrow regions over the ranges of 3100 to 2800, 1400 to 1200 and 800
to 600 cm-1 due to CH stretching, bending, and rocking modes, respectively, that are opaque due to
absorption by the oil. Vegetable oil has an additional opaque region between 1750 and 1640 cm-1 due to the
presence of a C=O stretching mode (not shown). In Figure 2.7d, the band at 3420 cm-1 exceeds the value of
2 absorbance units whereas, other water peaks at 1640 cm-1 (water bending mode), and 2127 cm-1
(combination mode) are clearly visible and can be used to quantify the amount of water. A broad peak
centered at 800 cm-1, due to a liberational mode of water, is also evident. Hence, the ability to use other
weaker bands of water could be used to expand the detection range of the membrane-based method.
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Figure 2.7. Transmission spectra of (a) a dry membrane, as well as membranes saturated with (b) power
steering fluid and (c) water. A reference spectrum was recorded through the membrane assembly
containing a screen. (d) Absorbance spectrum for 1ml of a 1000 ppm of water in power steering fluid
passed through a membrane device.

During the initial development of the membrane-based approach, we found it necessary to use a
cooled sample holder. Figure 2.8 shows the spectrum recorded after pushing 1 ml of a 100 ppm of water in
power steering fluid through the membrane assembly and then, immediately placing the assembly into the
standard transmission slot in the sample compartment. A second spectrum was then recorded 60 seconds
later. In this second spectrum, the intensity of the broad band of water at 3420 cm -1 decreased due to the
evaporation of water from the membrane. For that reason, we used a home-built sample holder that was
cooled. When using the home-built sample holder, the water peaks remained constant for at least 6 minutes,
which was sufficient for recording an IR spectrum.
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Figure 2.8. The infrared spectrum of 1 ml of a 100 ppm of water in power steering fluid passed through a
membrane.
2.3.2.

Quantitative Measurement of Water in Oil

Figure 2.9 is a plot of the water concentration, determined by the IR method, compared to values
measured by Karl Fischer. The data in Figure 2.9 were all collected using 13 mm diameter membranes.
However, the volume of oil (30 µl to 30 ml) and the IR band used for quantification varied and the choice
of these two parameters was dependent on the concentration of water in the oil. Measurements were
performed a minimum of three times, using different membranes at each concentration, and the error bars
were plotted at the 95% confidence level. The highest %RSD was 9.6% for processing 1 ppm of water in a
power steering fluid sample and was in the range of 2 to 8.6% for all other concentrations and oil types.
The average %RSD for all measurements was 4.9%. Linear regression with statistical weights gave slopes
of 0.99 ±.06, 0.98 ±.01 and 0.95 ± .03 (at 95% confidence level 5 different concentrations) for power
steering fluid, vegetable oil and EP fluid, respectively. The corresponding R2 values for all three linear
regressions with statistical weights were > 0.9995, showing exceptional linearity of detection over the entire
range from 1 ppm to 5000 ppm.
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There were no calibrations using matrix spikes performed for any of the IR measurements.
Literature values for the extinction coefficients were used to convert absorbance values of the various IR
bands to ppm levels of water in oil. The excellent agreement with KFT values and those calculated using
known extinction coefficients shows that it is indeed liquid water dispersed on the membrane, and this
water is devoid of any additives or interferents that would distort the spectrum of the water. Furthermore,
the slope values of 0.99 for vegetable oil and 0.98 for power steering fluid indicates that there was
essentially a 100% capture of water on the membrane over the entire concentration range. The slightly
slower slope value of 0.95 for EP fluid is attributed to a small fraction of water droplets not captured by the
membrane. This aspect will be discussed later. The total time for sample processing was about 5 minutes
per sample, which is much faster than the 2 hours per sample needed for volumetric KFT (for samples >
1000 ppm) and on par with the 10 minutes per measurement for coulometric KFT (samples ≤ 1000 ppm).
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Figure 2.9. Water concentration in ppm measured by the membrane-based IR method verses Karl Fischer
for power steering fluid, vegetable oil and EP fluid.

40

2.3.2.1. General Aspects of Quantification Using IR Transparent Membranes

In optical transmission spectroscopy, the peak height in absorbance units is related to the
concentration of an analyte in solution through the well know Beer-Lambert relationship (Equation 2.1):
𝑨 = ∈ 𝒄𝒍

2.1

where, A is the measured peak height or area, ϵ is the molar extinction coefficient with units of M-1 cm-1, l
is the pathlength of the cell and c, is the concentration of analyte in solution.
When using a membrane, there is no cell of fixed pathlength; mass of the target analyte is captured
on the surface by passing a known volume of solution through the membrane. In this case, the measured
peak height is proportional to the concentration-pathlength (c x l), which has the units of mass of analyte
per area of the membrane. The Beer’s Law relationship in Equation 2.1 applies, and the molar extinction
coefficient is replaced by the extinction coefficient with typical units of cm2/g. Thus, from Equation 2.1, a
value for the mass of analyte/area is determined and in multiplying this value by the area of the membrane
(Area), we obtain the total mass of water (MH2O) deposited on the membrane (Equation 2.2).
𝑴𝑯𝟐𝑶 = 𝑨 ∗ 𝑨𝒓𝒆𝒂/∈

2.2

Once the total mass of analyte extracted is known, the concentration of water in the oil (C H2O) in
units of ppm is calculated by dividing MH2O by the total mass of the sample passed through the membrane
(see Equation 2.3). For concentrations at and below 5000 ppm, the mass of water is negligible, and the total
mass of the sample is simply the volume of oil (V) passed through the membrane multiplied by the density
(ρ) of the oil.

𝑪𝑯𝟐𝑶 (𝒑𝒑𝒎) =

𝑴𝑯𝟐𝑶 (𝒈)
𝒈
)}
𝒎𝒍

{𝑽(𝒎𝒍)∗𝝆(
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∗ 𝟏𝟎𝟔

2.3

The above analysis assumes 100% capture of the target analyte on the membrane, which is the case
for this membrane-based method.
The band intensity and the detection range depend linearly on the mass of water deposited on the
membrane (hence, proportional to the volume of oil passed through the membrane) and is inversely
proportional to the area of the membrane. For example, passing the same volume through a 25 mm dia.
membrane would produce infrared bands of the analyte that are about 4 times less intense than obtained for
passing the same volume through a 13 mm dia. membrane. It is noted that the area of the membrane used
in Equation 2.2 is defined as the active area that the fluid passes through. In this work, while the membrane
assembly uses 13 mm diameter membranes, the use of Teflon™ O-rings reduces the active area to 11 mm
in diameter.
For a fixed volume of oil passed through a membrane and a fixed membrane diameter, the linear
detection range, based on peak height, is about two orders in magnitude (i.e., absorbance values from 0.015
to about 1.5 absorbance units). Although bands of 10-4 to 10-5 absorbance have been used for quantitative
measurements,98 there are often difficulties in the measurement of peaks at these low absorbance values,
due to baseline instabilities. For this reason, we set a value of about 0.015 for the minimum intensity of a
water peak. At absorbance values above 1.5, the low throughput conditions lead to bands with poor S/N
and responsivity. We note that when a band exceeds 1.5 absorbance units, the sample could be processed
again using lower volumes or larger diameter membranes. Using this same argument, if a band was below
0.015 absorbance, larger volumes or smaller diameter membranes could be used.
The linearity of detection with volume processed was demonstrated over the range of 1 to 5000
ppm in Figure 2.9. This wide range of linearity was obtained by using only three fixed volumes of 30 µl, 1
ml and 30 ml and selecting different water peaks for quantification. However, it is also possible to obtain a
linear response in detection by varying the volume. Figure 2.10 is a plot of the intensity of the water peak
at 3400 cm-1 as a function of volume passed through a membrane. Various volumes (0.3 to 3 ml) of a 100
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ppm of water in each oil were passed through a 13 mm dia. membrane by hand using a plastic syringe. Each
volume of oil was repeated at least three times using a new membrane. The data showed the slope values
of 0.35 ± 0.05, 0.36 ± 0.04, and 0.34 ± 0.09 for power steering fluid, vegetable oil, and EP fluid,
respectively, using the linear regression with statistical weights (see Figure 2.10). The results showed good
linearity for all three types of oil. We did not process more than 1.5 ml of EP fluid because very low flow
rates (< 0.1 ml/min) were used with this viscous oil. We do note that 1 ml of EP fluid is used to cover the
most important range of 10 to 1000 ppm of oil.

Figure 2.10. Intensity of a water band at 3400 cm-1 versus the volume of a 100 ppm of water in oil sample
passed through a membrane.
There are practical limitations on the volume used. For example, pressure restrictions limit the
maximum flow rates to about 3 ml/min for the 13 mm diameter membranes used in this work. Thus, passing
a liter becomes impractical because of the long times involved. Furthermore, many real samples limit the
volume passed through the membrane, due to clogging by the presence of particulate matter in the sample.
Volumes that are more realistic to pass through a 13 mm diameter membrane are in the range of 3 to 30 ml.
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These same practical limits apply to the membrane diameter. Processing larger volumes by
increasing membrane size does not change the detection limit. For example, increasing the membrane
diameter from 13 to 25 mm would increase the flow rate by a factor of 4, which would then enable 4 times
more volume to pass through the membrane in a given time. However, the area of the membrane is increased
by a factor of 4, which means the mass of water per area of membrane would be the same in both cases.
Hence, there would be no difference in intensity of the water bands. This argument also applies for
decreasing the membrane size.
Another factor to consider is the membrane diameter relative to the IR beam diameter. In our case,
the IR beam is approximately 4 mm in diameter through the Luer™ lock of the assembly which is less than
the membrane active diameter of 11 mm. Hence, we are under sampling the membrane. Under these
conditions, it is important that the water is uniformly distributed across the entire active area of the
membrane. Variations in the distribution of water would materialize in a reduced precision of the
measurement. Since the average %RSD was 4.9% for all measured values, variation in water distribution
across the membrane must also be < 5%. During the initial stages in development of the method, the
uniformity of water distribution on the membrane was monitored by periodically removing the membrane
from the Luer™ lock assembly and recording IR spectra at different locations on the membrane. In all
cases, the spot-to-spot difference in the intensity of water bands was < 5%.
The pH dependance on the measured water concentrations in oil was also investigated. An acidic
medium (pH = 3) was prepared by adding drops from 0.1 M HCl to the distilled water in beaker and the pH
value for the solution was measured by a digital pH meter. An oil sample containing 100 ppm of water was
prepared by adding a known volume of 50% vol water at pH = 3 in acetone to a stirred beaker containing
15 ml of the power steering fluid. The mixture was stirred for 2 hours to allow the acetone to evaporate and
to prepare a homogeneous solution.
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The spectra in Figure 2.11 were obtained after passing 1ml of a 100 ppm of the various pH of the
water in power steering fluid through a membrane. Figure 2.11 shows that the change in the pH of the water
does not lead to a difference in the amount of water collected on the membrane.

Figure 2.11. The infrared spectrum of 1 ml of a 100 ppm of various pH of water in power steering fluid
passed through a membrane.

2.3.2.2. Quantification of Water on Transparent Membranes
2.3.2.2.1. 1 to 1000 ppm Detection Range
With respect to water detection in oils, the challenge with quantification occurs in matching the
wide detection range of 1 ppm to 100% of water by the KFT method. To match the low detection limit of
1 ppm, we use the band at 3420 cm-1, as it is the most intense band in the IR spectrum with an extinction
coefficient of 5589.4 cm2/g. Passing 30 ml (3 x 10 ml) of sample through the 13 mm diameter membrane
produces a peak intensity of about 0.12 absorbance at 3420 cm-1.

45

The main problem occurs with matching the high detection limit of KFT. For example, the smallest
volume of oil that can be passed though the 13 mm dia. membrane assembly is about 1 ml, as this is the
volume of the headspace of the device. In this case, an absorbance of 1.5 at 3420 cm-1 would be obtained
for passing 1 ml of a 375 ppm of water in oil sample. This high limit can be increased by using alternative
weaker bands of water for quantification. For example, the spectrum shown in Figure 2.7d was obtained
for passing 1 ml of a 1000 ppm of water in oil sample and shows bands at 5185, 2127, and 1640 cm-1 that
are below 1.5 absorbance.
The extinction coefficients in units of cm2/g for the various water bands are given in Table 2.1.99
From these values, the high limit of detection would occur for the band at 2127 cm-1 in the infrared region
and at 5185 cm-1 in the near infrared region. Given that the extinction coefficient for the combination mode
at 2127 cm-1 is a factor of 29 times lower than at 3420 cm-1, an absorbance of 1.5 at 2127 cm-1 would be
anticipated for passing 1 ml of a 10900 ppm of water in oil sample. For the NIR band at 5185 cm-1, an
absorbance of 1.5 would correspond to about 21000 ppm.
These theoretical limits are based on spectroscopic arguments alone and do not account for the
maximum water adsorption capacity of the membrane. An absorbance value of 1.5 at 2127 cm-1 is
unattainable, given that this band is 0.37 absorbance units for a membrane with the pore structure filled
with water (see Figure 2.7c). The measured void volume of a 13 mm dia. membrane is about 2.5 µl which
is equivalent to the amount of water calculated, using 0.37 absorbance for the band at 2127 cm-1. This was
confirmed by a micropipette 2.5 µl of water onto a membrane. The water spread across the membrane and
the membrane became clear. In this case, we obtain an absorbance of 0.37 at 2174 cm-1. A 2.5 µl volume
of water would translate into passing 1 ml of a 2500 ppm of water in oil sample through the membrane.
However, filling the entire pore with water is a clear overestimation of the true adsorption capacity of the
membrane and our experience has shown that the highest limit of detection for passing the minimum volume
of 1 ml is approximately 1000 ppm.
There are several ways to circumvent the 1000 ppm upper limit. One way is to increase the
membrane diameter. For example, passing 1 ml of a 4000 ppm of water in oil sample through a 25 mm dia.
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membrane would yield the same spectrum for 1 ml of a 1000 ppm of water in oil sample passed through a
13 mm dia. membrane. However, the headspace of a 25 mm dia. assembly is 2 ml and thus, a gain in the
upper detection level would only double to 2000 ppm. Another approach would be to stack more than one
membrane in the device. Stacking two membranes would double the adsorption capacity and increase the
upper detection level to 2000 ppm. However, with each additional membrane, there is a drop-in flow rate
and optical throughput. Our preferred route is to alter the method to enable a small volume of oil (30 µl) to
contact the membrane. This approach is described in the next section.
Table 2.1. Extinction Coefficients (cm2/g) for Various Water Bands.99
Peak Position (cm-1)

Extinction Coefficient (cm2/g)

1640

1202.7

2127

192.2

3400

5589.4

5185

100.9

2.3.2.2.2. 1000 to 5000 ppm Detection Range
Measuring water levels in oil that are between 1000 to 5000 ppm is done by micropipetting 30 µl
of oil directly onto a membrane. While a minimum 20 µl sample is needed to fully distribute the oil across
the entire membrane area, we have found that a 30 µl droplet of oil provides a margin for error and leads to
a more uniform coverage. Since 30 µl is about 12 times the void volume of the membrane, most of the oil
passes through the membrane and resides in the holes of the metal screen. The volume of the holes in the
metal screen is about 15 µl. In this approach, we are effectively passing about 90% of the volume of oil
through the membrane. Dissolved water adsorbs and water droplets burst and adsorb on the membrane, as
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we obtain 100% capture for both the vegetable oil and power steering fluid, up to 3000 ppm of water levels.
However, the percent capture of water for the EP fluids at 1000 to 5000 ppm and for the vegetable oil and
power steering fluid at the highest concentration of 5000 ppm was about 70 to 80%. In these cases, the
membranes were cloudy, which we attribute to water droplets in the membrane pore structure that have not
burst onto the membrane surface. By simply pressing the side of the disposable tip of the micropipette
across the membrane surface, the membranes became clear and the capture rates for the vegetable oil and
power steering fluid were near 100% at 5000 ppm of water and the percent capture increased to 94% for
EP fluid samples.
2.3.2.2.3. > 5000 ppm Detection Range
Our attempts to measure water levels in the range of 10000 ppm (1%) to 75% were not successful.
While we were able to obtain spectra in all cases, the difficulty occurred in obtaining homogeneous
suspensions, even under high sheer stirring, hence, precision was poor. In examining more than 100
samples, we found about 50% of the samples were within 5% of the expected value and the remaining
samples varied from no water bands to 200% of expected values. We note that this level of variation
occurred when we measured the water levels by KFT. We did not pursue further efforts in detection at these
high levels, as most applications require measurements in the 100 to 1000 ppm range and because there is
merit to simply allow the sample to separate in a graduated cylinder and measure the volume fraction of the
aqueous and oil phases.
A remaining question is with what protocol to use when faced with a sample of unknown
concentration. While we recognize that most analyses of water rarely exceed 1000 ppm, we have developed
the following protocol to cover the range of 1 to 5000 ppm. Our approach is to initially pass 1 ml sample
through the 13 mm membrane, as this covers the detection range of 10 to 1000 ppm. The choice of which
water band to use is provided in Table 2.2. If this initial measurement indicates that the sample is lower
than 10 ppm, a second sample is run using 30 ml. Our general experience has been to use the 3420 cm-1
band for the range of 1 to 100 ppm, followed by using the 1640 or 2127 cm-1 band for the range of 100 to
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1000 ppm. For samples > 1000 ppm, it is the adsorption capacity of water on the membrane that limits the
detection range and, in this case, a second measurement of putting 30 µl directly onto the membrane is
performed and the band at 3420 cm-1 is used for quantification.
Table 2.2. Sample volumes and water bands used to measure water concentrations from 1 to 5000 ppm.

Concentration

-1

-1

-1

Volume

Abs. (3420 cm )

Abs. (1640 cm )

Abs. (2127 cm )

1

30 ml

0.12

-

-

10

1 ml

0.04

-

-

100

1 ml

0.4

0.08

-

1000

1 ml

˃ 1.5

0.83

0.13

2000

30 µl

0.26

0.067

-

3000

30 µl

0.39

0.10

0.015

5000

30 µl

0.60

0.15

0.03

(ppm)

2.4. Conclusion

By extracting the water in oil using an infrared transmitting membrane, we were able to detect
water levels over the range of 1 to 5000 ppm by infrared spectroscopy. The water existing as droplets or
dissolved water is extracted from the oil to form an adsorbed layer of water on the membrane surface and
a spectrum, that is the same as liquid water, is obtained. The wide detection range is achieved by varying
the volume of oil passed through the membrane and by selection of the water band for quantification. The
volume of oil passed through the membrane was 30 µl to 30 ml and the results showed good linearity (R2
> 0.999) and were equivalent to values measured by KFT. The main advantage to using our method over
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KFT and other FTIR based approaches is that it requires no matrix calibrations or use of reagents. We also
see utility of the rapidity and ease of measurements, especially in quality control applications where ship /
no ship decisions are made based on water levels not exceeding a threshold value. Having a threshold value
as a target would simplify the experimental conditions and enable the use of low cost filtermetric
spectrometers tuned to a specific water band.
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CHAPTER 3
MEASUREMENT OF WATER CONCENTRATION IN OILS USING CaO POWDER AND
INFRARED SPECTROSCOPY
3.1. Introduction

The most widely used method to measure water concentration in oil is KFT. This lab-based method
requires toxic and expensive chemicals, which has prompted efforts to develop alternative
methods.19,39,40,47,52–54,56–58 One of the more promising approaches has centered on the use of infrared
spectroscopy.32,68,82,100,101 The method, as described in ASTM E2412, simply involves placing an oil sample
into a transmission liquid cell and measuring the water content from the broad peak at 3400 cm-1 due to
liquid water. However, distortions in the water band arising from interactions with the oil or components
in the oil, along with scattering that occurs with water droplets in the oil, mean that matrix specific
calibrations are required.64 Several approaches have been used to overcome these problems which include
the use of surfactants to stabilize water droplet size69 and involve extraction of the water into a solvent16,83
or the addition of a chemical that reacts with water.84,20 These approaches still require matrix specific
calibrations.
Recently, we reported a method for detection of water in oil samples at concentrations of 1 to 5000
ppm.102 The method involves passing an oil sample through an infrared transparent membrane and then
quantification of the amount of water by infrared spectroscopy. The water dissolved in the oil or existing
as emulsified water droplets adsorbs as a layer on the membrane surface and thus, the infrared spectrum
obtained is that of liquid water, devoid of any light scattering or distortions of the water spectrum due to
interaction with oil components. The method required no reagents and provided linear detection over a wide
range from 1 to 5000 ppm. No calibration was required, as values equal to those obtained with KFT were
obtained using literature values for the extinction coefficients of the various infrared bands of water. The
wide detection range results from varying the volume of oil passed through the membrane and the choice
of the water band for quantification. While simple and easy to use, the system requires a cooled sample
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holder to avoid evaporation of the water. There is also the need to draw a representative sample into a
syringe to pass the sample through the membrane. It is the inability to obtain representative samples above
5000 ppm that defined the upper range value for detection for both KFT and our membrane-based methods.
Furthermore, detection of water levels at 5000 ppm and above by KFT required a minimum of 3 hours to
perform the measurement.
The approach described here does not involve collecting water on a membrane but rather is based upon
the reaction of water with a solid particle. In the method described in this chapter, the CaO powder is added
to a stirred beaker of the oil. The water in the oil reacts with the CaO to produce Ca(OH)2 and then, a
known volume of the sample is extracted, using a syringe, and passed through a membrane. The simplicity
of the approach results from the use of an infrared transparent membrane to collect and concentrate the
Ca(OH)2 powder as an infrared spectrum which is then directly recorded in transmission mode through the
membrane. The amount of water is determined from the intensity of the sharp OH stretching mode of
Ca(OH)2 at 3645 cm-1.
In terms of accuracy, precision, linearity and limit of detection, the membrane and CaO based methods
are equivalent. The CaO method has twice the dynamic range (1 to 10000 ppm) compared to 1 to 5000 ppm
for the membrane method.102 The upper limit for the membrane method was due to the inability to extract
a representative sample into the syringe above 5000 ppm. When using CaO, the powder encounters the
entire water in the stirred suspension and hence is not limited to concentrations of 5000 ppm. The time
required for the CaO method is 30 minutes which is longer than the 2 to 3 minutes to process an oil sample
with the membrane method. A longer time is required to ensure that the CaO has fully react with the water
in the stirred beaker of oil. However, since detection is based on a reaction of CaO with water rather than
measuring absorbed water on a membrane, the CaO approach provides a route that circumvents the need
for a cooled sample holder. Furthermore, the use of a single band with the CaO powder compared to
multiple bands with the membrane-based method, also could lower the cost of a complete detection system,
as it enables the use of a filtermetric system instead of an FTIR.
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3.2. Experimental

The oil samples used in this work were SMB power steering fluid, distributed by SMB International
LLC, West Long Branch, NJ, USA; Golden Chef vegetable oil, distributed by Stratas Foods LLC, Memphis,
TN 38016; and an extreme pressure (EP) fluid (MASTER PRO (GL-5 SAE 85W-140 Gear Oil), distributed
by Ozark Automotive distributors, Springfield, MO, 65801, USA. These oils were purchased from a local
supermarket and used as received. Calcium oxide (CaO, 99.9%) was obtained from Sigma Aldrich. The IR
transparent membranes (0.45 µm/13 mm) were obtained from Orono Spectral Solutions Inc.
Water in oil samples, at concentrations ranging from 1 to 10000 ppm, were prepared by adding a
known volume of a 50% vol mixture of distilled water in acetone to 25 ml of the oil in a beaker, while
stirring. The sample was stirred for 2 hours on a magnetic plate to achieve homogeneity and to allow for
the acetone to evaporate. For concentrations > 5000 ppm of water in oil, the samples were stirred for 2
hours using an overhead propeller.
The “as received” CaO was first ground in a mortar and pestle. The mean diameter of the “as
received” and ground particles, as measured by dynamic light scattering on a Malvern Zetasizer, were
approximately 2.2 and 1.5 µm, respectively. The ground particles were then transferred to a covered
crucible and heated at 850 ⁰C in a furnace (1300 Barnstead/Thermolyze) for 2 hours to remove residual
Ca(OH)2 and CaCO3. The crucible containing the CaO powder was transferred to a desiccator that had been
flushed with dry N2 gas (see Figure 3.1).
After allowing the crucible to cool to room temperature, the desiccator was opened in a glove box
and known amounts of CaO powder were transferred to vials and sealed with plastic caps.
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Figure 3.1. The procedure for calcination and preparing the sample water in oil with CaO.

The amount of CaO transferred to the vial (see Table 3.1) depended on the detection range. Each
vial had lines marked on the outside of the glass that were calibrated to the mass of CaO transferred to the
vials. Using this procedure, several vials could be prepared without the need of weighing the CaO on a
balance inside the glove box. Once filled with CaO and sealed, the vials were removed from the glove box
and stored on an open bench. When performing a measurement, the CaO contained in the vial was added
quickly (2 to 3 seconds) to a stirred beaker that contained the water in oil sample. This was done on an open
bench.
The vast majority (> 98%) of all real-world samples lie in the range of 100 to 1000 ppm water in
oil. Thus, the use of multiple measurements following the steps of the Flow Chart in Figure 3.2 would occur
in rare cases. In the vast majority of circumstances, a single measurement would be used. Our intent in
providing guidance for measuring an unknown concentration, covering the much wider range of 1 to 10000
ppm, is to test the limits of the method. The wide detection range from 1 to 10000 ppm was achieved by
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varying the volume of oil in the beaker, the amount of CaO added to the beaker, and the volume of oil
processed through a membrane. We used the Flow Chart, shown in Figure 3.2, for running a sample of
unknown concentration with the experimental parameters given in Table 3.1. The first step, denoted as
“Step A”, tested for water levels in the range of 100 to 1000 ppm. We started with this range as it
encompasses water levels found in most real-world samples. A vial containing 155.5 mg CaO was added
quickly (2 to 3 seconds) to a stirred vial containing 5 ml of oil. The suspension was stirred for 30 minutes
to ensure complete reaction of the water with the CaO powder. A 0.4 ml aliquot of the stirred suspension
was then drawn into a Luer-Lock™ syringe. The syringe was connected to the Luer-Lock™ of the
membrane assembly and this volume was pushed into the headspace. Details of the construction of the
membrane assembly is provided elsewhere102. The sample assembly was held vertically and a 1 to 2 seconds
pulse of N2 gas was applied to push the oil through the membrane.
Table 3.1. Experimental Parameters used for Steps A-D.

Step

Test range

Vol. of sample

Amount of

Reaction time

Vol. (ml) passed

Abs. at

(ppm)

(ml)

CaO

(minutes)

through the

3645 (cm-1)

(mg)

membrane

A

100 - 1000

5

155.5

30

0.4

0.12  ـــ1.2

B

10 - 100

5

15.5

30

4

0.12  ـــ1.2

C

1 - 10

100

31.1

30

40

0.1  ـــ1.2

D

1000 - 10000

5

933.9

60

0.04

0.1  ـــ1.0
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Figure 3.2. Flow chart used to measure an unknown concentration of water spanning the range of 1 to
10000 ppm.
A home-built plastic 3 x 2 in. card was used to hold the membrane assembly at the sample focus of
an ABB Bomem FTLA 2000 FTIR, equipped with a DTGS detector. The card had a 6 mm hole in the center
and a plastic male Luer-lock™ connector epoxied to the front of the card and centered over the hole. The
female Luer-lock™ of the membrane assembly was mounted to the male Luer-lock™ connector of the
sample card and an absorbance spectrum in transmission mode was recorded through the Luer-lock™.
Spectra were recorded using 100 scans (approximately 2 minutes observation time) at a resolution of 8 cm-1.
The membrane remained wetted by the oil when recording an IR spectrum, as this was important
to maintain transparency.102 This approach was recently used to measure phosphate and arsenate in water
using transparent membranes in the visible region of the spectrum.103 Filling the voids of the membrane
with oil provides a refractive index match with the membrane material and hence, reduces light scattering
sufficiently to enable transparency above 3000 cm-1. For this reason, a reference spectrum was recorded
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with the membrane fully wetted with a water free oil sample. We found no difference when using reference
spectra recorded several months earlier with those recorded just prior to running a sample. It is also noted
that the reference sample could contain some water, as the presence of a water band did not interfere with
quantification of the Ca(OH)2 band at 3645 cm-1.
When recording absorbance spectra in transmission mode through the membrane assembly, the
linear detection range for the intensity of a band covers two orders of magnitude from about 0.1 to 1.5
absorbance units.102 To expand the detection range to cover 4 orders in magnitude (1 to 10000 ppm of
water), the volume of oil passed though the membrane was varied, such that the intensity of the 3645 cm-1
band remained in the linear range of detection. For example, the experimental conditions used for Step A
(see Table 3.1) were selected to provide a range of 0.12 to 1.2 absorbance units for the band at 3645 cm-1.
This converts to concentrations of water in oil from 100 to 1000 ppm. Step A was performed first, as the
vast majority of real samples are in the range of 100 to 1000 ppm. If the band at 3645 cm-1 was not observed
or lower than 0.12 absorbance after Step A, then the water level was below 100 ppm and the experiment
was repeated using a new sample and the experimental parameters for Step B. These parameters lead to a
detection range of 10 to 100 ppm for absorbance values ranging from 0.12 to 1.2. Again, if the band at
3645 cm-1 was below 0.12 absorbance for Step B, the water concentration was lower than 10 ppm and the
experiment was repeated using a new sample and the parameters for Step C to determine the concentration
in the range of 1 to 10 ppm. Note that volumes of 4 and 40 ml were processed through the membrane to
obtain detection ranges of 10 to 100 ppm and 1 to 10 ppm, respectively. A syringe pump, operating at 1
ml/min, was used to pass these larger volumes through the membrane assembly. The syringe pump was
optional as we found no difference with samples processed by hand. The syringe pump was orientated such
that the oil was passed vertically through the membrane assembly.
If the intensity of the band at 3645 cm-1 exceeded a value of 1.2 absorbance after Step A, then the
concentration of water exceeded 1000 ppm. To measure water concentrations between 1000 to 10000 ppm,
the experimental parameters described for Step D were used with a new sample (see Table 3.1). In
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particular, a 40 µl sample of the oil was used, which required a different procedure than those used for Steps
A-C. The 40 µl were deposited onto the membrane using a micropipette. The opening of the disposable
micropipette tip was cut to double the size of the tip opening diameter to allow the uptake of the particulate
suspension. The micropipette was then inserted into a stirred beaker containing the oil sample to extract a
40 µl aliquot. The top section of the membrane assembly was removed and the 40 µl was slowly injected
onto the surface of the membrane while moving the micropipette tip over the membrane surface. Using this
approach, the membrane becomes fully wetted with a uniform distribution of CaO powder. The top section
of membrane housing was then reattached to the membrane assembly. The membrane assembly was
attached to the sample card and an IR spectrum was then recorded.
We also note that the time required for the water in the oil to react with the CaO varied with the
concentration of water and the amount of CaO added to the beaker. In general, the amount of CaO added
to a beaker containing a water in oil sample was 10x in excess for concentrations ≤ 2000 ppm and about 6x
in excess for concentrations > 2000 ppm. Here, 10x refers to 10 times the stoichiometric amount of CaO
that would be needed to react with all water in the sample (see Equation 3.4). As a general practice, we
used 30 minutes and 1 hour reaction times for concentrations below and above 1000 ppm, respectively, to
provide enough margins to ensure complete reaction of the CaO with the water. We note that additional
measurements of water concentration could be performed at longer stirring times to check that the reaction
had reached completion.
For comparative purposes, KFT measurements were made on a Metrohm 756 KFT, using
HYDRANAL® Coelomate AG as the reagent. A 1 ml sample of HYDRANAL® Water Standard 1% was
used for calibration and both the calibration fluid and KFT reagent were obtained from Sigma Aldrich.
Samples of known volume were extracted from the beaker using a 10 ml disposable plastic syringe or a
micropipette and then injected into the titration vessel of the KFT instrument.
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3.2.1. Quantification of Water Concentration

The amount of Ca(OH)2 was determined from the intensity in absorbance units for the OH
stretching mode of Ca(OH)2 at 3645 cm-1. The amount of Ca(OH)2 per area of membrane (cl) is first
calculated by rearranging the Beer’s Law relationship, as shown in Equation 3.1,

𝒄𝒍 =

𝑨𝟑𝟔𝟒𝟓
∈

3.1

where ϵ is the extinction coefficient and A3645 is the peak absorbance value for the band at
3645 cm-1, respectively. A measured value of 801.27 cm2/g for ϵ was determined from a Beer’s Law
relationship, using known quantities of Ca(OH2) powder pressed in KBr pellets. The extinction coefficient
value of 801.27 was determined by measuring the height peak at 3645 cm-1 and the unit is cm2/g. While if
we measure the area of the peak at 3645 cm-1, the value of the extinction coefficient will be different, and
the unit will be cm-1 because the absorbance is unitless in the spectrum of the absorbance versus the
wavenumber.

The total amount of Ca(OH)2 collected on the membrane (mCa(OH)2 ) was then calculated (see
Equation 3.2),
𝒎𝑪𝒂(𝑶𝑯)𝟐 = 𝒄𝒍 ∗ 𝑨𝒓𝒆𝒂

3.2

where Area is the effective area of the membrane. For Steps A-C, the effective membrane diameter
was 11.5 mm, not the membrane diameter of 13 mm, because the area that the volume of oil passed through
the membrane was reduced by the Teflon™ O-rings used in the membrane assembly. This results in a value
for the Area of 1.05 cm2. For Step D, the sample is deposited on the membrane without using the Teflon™
O-rings and the active area of the membrane is the full membrane with a 13 mm diameter, giving a value
of 1.33 cm2 for the Area.
Next, the total amount of Ca(OH)2 in the beaker (m t Ca(OH)2 ) is calculated using Equation 3.3,
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𝒎𝒕 𝑪𝒂(𝑶𝑯)𝟐 = 𝒎𝑪𝒂(𝑶𝑯)𝟐 ∗ 𝒗/𝒗𝒔

3.3

where v is the volume of oil in the beaker and vs is the volume processed through the membrane.
The CaO powder added to the oil reacts with dissolved water and water droplets to form Ca(OH)2,
according to the reaction in Equation 3.4.
𝑪𝒂𝑶(𝒔) + 𝑯𝟐 𝑶(𝒍) → 𝑪𝒂(𝑶𝑯)𝟐 (𝒔)

3.4

Thus, the total amount of water in the beaker (H2Ot) is simply calculated (see Equation 3.5),
𝑴𝑯𝟐𝑶

𝑯𝟐 𝑶𝒕 = 𝒎 𝒕 𝑪𝒂(𝑶𝑯)𝟐 ∗ 𝑴

3.5

𝑪𝒂(𝑶𝑯)𝟐

where MH2O and MCa(OH)2 are the molar masses of H2O and Ca(OH)2, respectively.
If H2Ot is in units of grams, the concentration of water in ppm (CH2 O (ppm)) is then calculated from Equation
3.6,

𝑪𝑯𝟐𝑶 (𝒑𝒑𝒎) =

𝑯𝟐 𝑶𝒕
𝝆∗𝒗

∗ 𝟏𝟎𝟔

3.6

where v is the volume of oil in the beaker (ml) and ρ is the density of the oil (g/cm3).
Combining Equations 3.1 to 3.3 and 3.4 to 3.5 gives the overall Equation 3.7.

𝑪𝑯𝟐𝑶 (𝒑𝒑𝒎) = (𝑨𝟑𝟔𝟒𝟓 ∗ 𝑨𝒓𝒆𝒂 (𝒄𝒎𝟐 ) ∗

𝑴𝑯𝟐𝑶
𝝐∗𝑴𝑪𝒂(𝑶𝑯)𝟐 ∗𝒗𝒔 (𝒎𝒍)∗𝝆(

𝒈
)
𝒎𝒍

∗ 𝟏𝟎𝟔

3.7

Note that Equation 3.7 is not dependent on the volume of oil in the beaker (V). Consider two
beakers containing 5 and 10 ml of oil. Addition of the same mass of CaO to both beakers would result in
twice the amount of Ca(OH)2 produced in the 10 ml sample, compared to the 5 ml sample. However, the
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concentration of Ca(OH)2 is 50% lower in the 10 ml beaker. Hence, extraction of the same sample volume
in the syringe would mean that the same amount of Ca(OH)2 was deposited on the membrane.

3.3. Results and Discussions

The CaO powder added to the oil reacts with dissolved water and water droplets to form Ca(OH)2,
according to Equation 3.4. A potential interferent is reaction of the CaO powder with water vapor in the air.
Several control experiments were performed to evaluate and develop protocols for eliminating the reaction
with water vapor in the air. Figure 3.3 shows the IR spectra of the “as received” CaO, CaO calcined at 850
⁰C for 2 hours, and the calcined CaO spread onto a watch glass and left open to ambient conditions
overnight. The spectrum of the “as received” CaO has a sharp band at 3645 cm-1, which is the OH stretching
mode for Ca(OH)2. The broad band at around 500 cm-1 is due to CaO. The two additional bands at 1425
and 870 cm-1 are carbonate modes of CaCO3 formed from the fast reaction at room temperature between
the Ca(OH)2 and CO2 in the air, as shown in Equation 3.8.104
𝑪𝒂(𝑶𝑯)𝟐(𝒔) + 𝑪𝑶𝟐(𝒈) → 𝑪𝒂𝑪𝑶𝟑(𝒔) + 𝑯𝟐 𝑶(𝒍)

3.8

Thus, CO2 is a second interferent as the Ca(OH)2, which is the first interferent formed from the
reaction of CaO with water in the oil, would then react with CO2 to form CaCO3. While, in principle, the
amount of CaCO3 could be computed using the band at 1425 cm-1, this would necessitate the use of an
infrared spectrometer and reduce the cost advantage of using a low cost filtermetric system tuned to
measuring a single sharp band at 3645 cm-1.
Using the extinction coefficient values of 801.27 and 1121.6 cm2/g for the 3645 and 1425 cm-1
peaks, respectively, we calculate 8.3% and 7.11% of the “as received” CaO powder is converted to Ca(OH)2
and CaCO3, respectively. If the “as received” CaO was added in Step A, the 8.3% of Ca(OH)2 would
translate to a 660 ppm of water. Clearly, this is unacceptable and is the reason the CaO is calcined at 850
⁰C before use. As shown in Figure 3.3b, the bands due to Ca(OH)2 and CaCO3 are removed from the “as
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received” CaO by calcination at 850 ⁰C. However, when this calcined powder was placed in a watch glass
and left under ambient conditions overnight, the peak at 3645 cm-1 reappeared and the intensity of this band
would be equivalent to about 2000 ppm, using the experimental procedures described in Step A. Hence,
care must be exercised to avoid the reaction of calcined CaO powder with water vapor. For this reason,
after calcining the CaO at 850 ⁰C, the powder was transferred to glass vials and sealed in a glove box.
In our method, the CaO contained in the sealed vials is added quickly (2 to 3 seconds) to the oil
sample, while stirring, and we found that this procedure eliminated reaction of the CaO powder with water
vapor. Evidence to support this assertion comes from Figure 3.3b. This spectrum was obtained by mixing
the calcined CaO with KBr powder on an open bench, pressing a pellet and then running an IR spectrum.

Figure 3.3. Infrared spectra of KBr mixed with (a) “as received” CaO, (b) CaO calcined at 850 ⁰C for 2
hours, and (c) calcined CaO spread onto a watch glass and left open overnight at room temperature.
After treatment, the CaO powder was pressed into KBr a pellet, and then a spectrum was recorded in
transmission mode.
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The combined time for preparing a KBr pellet and running a spectrum was about 15 minutes, which
is much longer than the 2 to 3 seconds that the CaO is exposed to ambient conditions when added to a
stirred beaker containing oil. In addition, we performed side-by-side experiments where the CaO from the
vial was added to oil samples in a stirred beaker, in the first case, inside a glove box and, in the second case,
with beakers sitting on an open bench. The amount of water determined was the same, regardless of using
a glove box or an open bench. Thus, the glove box was only needed to prepare vials containing known
quantities of dry CaO powder. For commercial use, we envisage that the CaO would be supplied in sealed
plastic packets. If the CaO was exposed to air for prolonged periods outside of the standard procedures, we
recommend that an IR spectrum of the CaO powder be recorded to assess the amount of Ca(OH)2 present.
If Ca(OH)2 is detected in the IR spectrum, the CaO could be regenerated by calcination at 850 ⁰C.
Given the particulate nature of the CaO, the reaction with water is expected to occur more rapidly
on the surface than the interior, the amount of CaO required to fully react with the water and the time for
the reaction will depend on the particulate size (see Figure 3.4). The “as received” CaO powder had an
average particle diameter of 2.2 µm and, after grinding in a mortar and pestle, we obtained particles of
about 1.5 µm diameter. The 1.5 µm diameter CaO powder reacted with 96% of the water in the oil after 30
minutes of stirring. In contrast, the 2.2 µm diameter “as received” CaO powder reacted with 58% of the
water in the oil after 30 minutes of stirring. This difference in reaction times is because the reaction of water
occurs rapidly on the CaO particle surface and more time is needed for the water to penetrate into the
interior regions of the particles. Furthermore, the big particles (2.2 µm diameter) obtained 99% of Ca(OH)2
after 1 hour reaction with water. For that reason, we used a 1.5 µm diameter in all the experiments.
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Figure 3.4. Percentage of Ca(OH)2 obtained from the reaction of 2.2 and 1.5 µm diameter CaO powder
with water in power steering fluid versus time of stirring.
When a 10x excess of 1.5 µm particles were added to a 100 ppm of water in oil sample, we obtained
100% reaction of the water with CaO within 30 minutes of stirring whereas, only 60% reaction of the water
was obtained for the larger 2.2 µm particles in 30 minutes of stirring. After 1 hour of stirring, 100% reaction
was obtained with the 2.2 µm particles. We explored the use of CaO particles with average diameters less
than 1.5 µm. However, a fraction of these particles was not captured by the membranes. Hence, we used
the average 1.5 µm diameter particles for all experiments.
The remaining parameter to establish is the amount of CaO powder to add to the oil sample. The
CaO should be in excess, and although this can be estimated from Equation 3.4, it does not consider that
the reaction will occur more rapidly with the surface of the CaO particle and that water may not react with
the interior region. For each of the detection ranges (Steps A-D), a series of experiments were performed
to determine the required amount of CaO. An example is shown in Figure 3.5 for a 5 ml sample of a 100
ppm of water in power steering fluid. Stoichiometric amounts from 1 to 10x excess CaO was added to the
oil and 1 ml aliquots were extracted at 30 minutes intervals and processed through a membrane assembly.
For CaO amounts up to 5x excess, complete reaction with the water did not occur, even after 24 hours of
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stirring. This is confirmed in the spectra for these samples (see Figure 3.6). In the spectra for 1 to 5x excess
CaO, the sharp peak at 3645 cm-1 is accompanied by a broad band at 3420 cm-1. The broad band is due to
water adsorption on the membrane.102 The quantity computed, using the water band at 3420 cm-1, when
added to the amount calculated using the 3645 cm-1 band of Ca(OH)2, equaled 100 ppm. For 7x and 10x
excess CaO, the reaction is 100% complete after 60 and 30 minutes stirring, respectively. The spectra for
the 7x and 10x excess at 60 and 30 minutes stirring (see Figure 3.6), shows a single band at 3645 cm-1 and
no water peak at 3420 cm-1. Thus, we used 10x excess CaO, as defined by the upper end, for each detection
range (Steps A-D). For samples where the reaction was not complete, a broad band at 3420 cm-1 was
observed, due to adsorption of H2O on the membrane.102 The appearance of a band at 3420 cm-1 can be used
as an indication that reaction of H2O in the oil has not completely reacted with the CaO powder.

Figure 3.5. Percentage of water in power steering fluid reacted with CaO as a function of time stirred for
various amounts of CaO added to the beaker. The factor 1x is the stoichiometric amount of CaO to react
with the total water present (see Equation 3.4).
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Figure 3.6. IR spectra obtained for 1 to 5x excess CaO added to 100 ppm of water in power steering fluid
after one day of stirring and for 7x excess CaO after 1 hour of stirring and for 10x excess CaO after 30
minutes of stirring.

The reaction is complex, involving transport of water to the surface, reaction on the surface,
diffusion of water into the bulk and reaction within the bulk of the CaO particulate. The reaction at and near
the surface of the CaO occurs more rapidly than in the interior of the particle. This was shown in Figure 3.4
with different particle sizes. In Figure 3.5, the addition of the stoichiometric amount of CaO (defined by
Equation 4, denoted as 1x) would mean that for 100% reaction with the water, the CaO particles would be
fully converted to Ca(OH)2 particulates. This does not occur. The curve shown for the 1x CaO shows a
sharp initial rise in formation of Ca(OH)2 due to reaction at or near the surface, followed by a gradual
increase, due to reaction in the interior of the particle, over the next 24 hours. After 24 hours, only 40% of
the CaO particle has been converted to Ca(OH)2. By adding more CaO (2x, 5x and 7x), there is an increase
in the amount of Ca(OH)2 produced because there is more particulate surface available. With the addition
of 10x CaO, 100% of the water present in the oil reacts to form Ca(OH) 2 in about 10 minutes. We had
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recommended to stir for 30 minutes to provide a sufficient latitude to ensure complete reaction. We do note
that even at the 10x excess value, the reaction does not occur only at the surface. CaO is cubic in structure.
Assuming reaction of one water molecule with each surface Ca2+ ion on a 1.5 µm size particle, an amount
of 350x CaO would be required if reaction occurred solely on the surface. Clearly, this is not the case, as
complete reaction has occurred with the addition of 10x CaO.
Figure 3.7 shows the absorption changes of Ca(OH)2 at 3645 cm-1 with changes in water content
levels from 1 to 10000 ppm. From this study, we found that the absorption of Ca(OH)2 at 3645 cm−1 can be
used to develop a calibration model for prediction of the water content in oil samples.

Figure 3.7. Infrared spectra of CaO powder spiked with different known concentrations of water in power
steering fluid, producing Ca(OH)2 at 3645 cm-1.

Figure 3.8 shows the values for water concentration in the three oils compared to the values
obtained by KFT. The data using the CaO was obtained using the various experimental parameters
described in Table 3.1 to cover the entire range of 1 to 10000 ppm and all experiments were performed a
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minimum of three times. The error bars in this graph are plotted at the 95% confidence level and the average
%RSD for all measurements was 6.7%. A statistically weighted linear regression gave slopes of 1.01 ±
0.02, 0.99 ± 0.01 and 1.02 ± 0.03 (95% confidence level, 6 different concentrations) for power steering
fluid, vegetable oil, and EP fluid, respectively. The corresponding R2 values for all three linear regressions
with statistical weights was > 0.996, showing exceptional linearity of detection from 1 to 10000 ppm for
power steering fluid and vegetable oil and from 1 up to 5000 ppm for EP fluid. Concentrations above 5000
ppm of water were not measured for EP fluid because the suspension became too viscous after addition of
the CaO powder. These results were obtained without any calibration, as the extinction coefficient for the
band at 3645 cm-1 was derived using known quantities of Ca(OH)2 in KBr pellets. The slopes values 1.01
± 0.02 and 0.99 ± 0.01 for power steering fluid and vegetable oil and 1.02 ± 0.03 for EP fluid show that
thereaction of the water with the CaO was 100% and that the membrane captured all the particles.

Figure 3.8. The plot of the Ca(OH)2 concentration determined by the CaO method versus the values for
water concentration measured by KFT.
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CaO, CaCO3 and Ca(OH)2 particles are insoluble in basic aqueous suspension and soluble under
acidic conditions. To determine if the pH of the water affects the CaO method we measured the water
concentrations determined using dispersed acidic water droplets in the oils. The acidic water (pH = 3) was
prepared by adding 0.1 M HCl to the water. Oil in water samples containing 100 ppm water were prepared
and then CaO powder was added to the suspension. The spectra obtained (see Figure 3.9) show the same
intensity for a single band at 3645 cm-1 of Ca(OH)2 showing that the concentration measured by the CaO
method was not affected by the pH of the water.

Figure 3.9. The infrared spectrum of 1ml of a 100 ppm of various pH water in power steering fluid mixed

with CaO and passed through a membrane.

3.4. Conclusion

A simple and rapid method measuring water concentrations from 1 to 10000 ppm was
demonstrated. The approach uses the reaction of water with CaO powder to produce Ca(OH) 2, collecting
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the particles on an infrared transparent membrane and recording an infrared spectrum in transmission mode
through the membrane. The method avoids light scattering by water droplets and distortions in the water
bands, due to interactions with the oil or components in the oil, which are pitfalls in measuring water levels,
as described in the ASTM Method E412.
No calibration is required, as water concentrations equivalent to KFT were measured using the
extinction coefficient for the OH stretching mode of Ca(OH)2 at 3645 cm-1.
We envisage that this approach will have advantages for use in quality control applications where
a fast determination of water levels is required. Since a single sharp band is used for quantification, the
method could be used with a low cost filtermetric system, which would be on par in a comparative cost
with commercial KFT systems.
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CHAPTER 4
A NEW APPROACH FOR MEASURING WATER CONCENTRATION IN OIL USING
COPPER SULFATE POWDER AND INFRARED SPECTROSCOPY
4.1. Introduction

The ubiquitous presence of moisture in the environment is the primary source of water
contamination in oils. The moisture can impair oil effectiveness and cause damage to machine parts. Thus,
measuring water content in oils is paramount for many industries. In this respect, Karl Fischer titration
(KFT) remains the method of choice, despite the efforts to replace KFT, because of its use of expensive
and toxic reagents. Principle amongst the alternative methods have been those based on infrared (IR)
spectroscopy, as described in ASTM E2412. The method is easy as one simply fills a fixed pathlength cell
with the oil and records an infrared spectrum in transmission mode. The concentration of water is then
determined from the intensity of the broad band due to the stretching mode of water centered near
3400 cm-1. However, ASTM E2412 has not been widely adopted because the band at 3400 cm-1 is often
distorted due to interaction of the water with impurities or components in the oil and from scattering of
water droplets. Matrix specific calibrations are often required to determine the water concentration.
To overcome these problems, researchers have used surfactants to stabilize water droplet size and
reduce scattering of the IR light69, extraction of the water into a solvent16,83, and addition of reactive
chemicals.20,84 All these approaches required matrix specific calibrations. The approaches described in
chapters 2 and 3 have at their core, the use of an IR transparent membrane that enable us to develop methods
that circumvent the issues with distortion of water bands and scattering by dispersed water droplets. Both
approaches do not require matrix specific calibrations. In one method, a membrane is used to extract water
from the oil. The dissolved water in oil adsorbs, and water droplets in the oil burst, forming a film of water
on the membrane. An infrared spectrum is recorded in transmission mode through the membrane and a
classic spectrum on water is obtained.102 In the second method, a reaction of water with CaO particles is
used to measure the water concentration. The CaO particles are converted to Ca(OH) 2 and the membrane
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is used as a convenient way to capture the Ca(OH)2 particles from the oil for analysis by IR spectroscopy.
The amount of water was determined by the intensity of an OH stretching mode of Ca(OH) 2.105 Both
methods provide concentration values equivalent to KFT over a wide linear range of 1 to 10000 ppm.
In this chapter, we continue the theme of developing concepts for measuring water content in oil
that are based on the use of an IR transparent membrane. As mentioned earlier, one of the challenges with
ASTM E2412 is that the water bands are easily distorted due to interactions of the water with impurities or
components within the oil. We now exploit this distortion to develop a new approach for measuring water
concentration in oil. The concept is based on the change in the IR bands of water that occurs when water
chelates to CuSO4. CuSO4 as a white powder is added to the oil and forms CuSO4·H2O. The particles are
then collected by passing a known amount of oil through an infrared transparent membrane. The amount of
water is determined from the intensity of the bending mode of the water band that shifts to 1743 cm-1 and
produces values equal to KFT over the range of 10 to 3500 ppm.

4.2. Experimental

The oils were SMB power steering fluid, distributed by SMB International, LLC West Long
Branch, NJ, USA and extreme pressure (EP) fluid (MASTER PRO (GL-5 SAE 85W-140 Gear Oil),
distributed by Ozark Automotive Distributors, Springfield, MO 65801, USA. The oils were obtained from
a local supermarket. CuSO4·5H2O (98%) was purchased from Sigma Aldrich. The IR transparent
membranes were obtained from Orono Spectral Solutions Inc. The stainless-steel membrane assembly (part
no. 1980-001), obtained from Whatman, was modified to allow the IR beam to pass through the assembly
as described in Chapter 2.
The steps to calcinate and prepare CuSO4 particles are shown in Figure 4.1 Briefly, the “as
received” blue copper (II) sulfate pentahydrate (CuSO4·5H2O) powder was first crushed and ground in a
mortar and pestle on an open bench. The average particle size of the ground powder was 0.5 µm, as
measured, using dynamic light scattering on a Malvern Zetasizer. The powder was then placed in a covered
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crucible and calcined at 220 ⁰C in a furnace (1300 Barnstead/Thermolyze) for 2 hours. This step was used
to remove the water from CuSO4·5H2O, as evidenced by formation of the white anhydrous CuSO4 (see
Figure 4.1). The crucible was then capped and transferred to a desiccator that had been flushed with dry N2
gas. After the CuSO4 had cooled to room temperature, the desiccator was opened in a glove box and known
amounts of CuSO4 powder were transferred to vials by filling to a scribed mark on the vial. The mark
established a fixed amount of CuSO4 transferred to the vial and thus, avoided the need to weigh amounts on
a balance inside the glove box. The amount of CuSO4 transferred to the vial (see Table 4.1) depended on
the amount of water in the oil. The vials were sealed with plastic caps and removed from the glove box. We
envisage that for commercial application, the anhydrous CuSO4 would be provided in sealed plastic packets.

Figure 4.1. Steps to prepare anhydrous CuSO4.

Stock water in oil samples at concentrations of 10 to 3500 ppm were prepared, following the
procedures described elsewhere.102 A 10 ml aliquot from the 10 ppm stock sample and 5 ml from each 100,
500, 1000, and 3500 ppm stock samples were transferred on an open bench to separate vials using 10 ml
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plastic syringes and then these vials were sealed with plastic caps. Next, the CuSO4 powder contained in
the sealed vials were added quickly (about 2 to 3 seconds) to the vials that contained the 10 to 3500 ppm
water in oil samples. The suspension in the vials was then stirred for 10 minutes for concentrations lower
than 1000 ppm and 20 minutes for concentrations greater than 1000 ppm to allow for the CuSO4 powder to
react with the water molecules and to obtain a homogenous suspension. This step leads to a color change
of the oil from yellow to green, due to mixing between the yellow color of the oil and the blue color
produced from CuSO4·H2O.
A vast majority (> 98%) of real-world samples have water concentrations covering 100 to 1000
ppm. Covering this range is straightforward as it requires a fixed amount of CuSO4, a defined reaction time
and a single volume of sample passed through the membrane. While the intent in this paper is to focus on
concentrations found in real-world samples, we report on an extended range from 10 to 3500 ppm in order
to demonstrate that the linearity of detection and detection range extends well beyond the 100 to 1000 ppm
range found in the vast majority of samples. To cover this wider range, the amount of CuSO4 added to each
sample to ensure complete reaction of the water, the time to stir the sample, and the volume processed
through the sample depended on the concentration of water in the oil. In addition to establishing these
values, a procedure to follow, when faced with a sample of unknown concentration in the range of 10 to
3500 ppm, needed to be established.
For measuring a sample of unknown concentration, we used the Flow Chart presented in Figure
4.2 and the experimental parameters given in Table 4.1. The procedure starts with Step A, as this covers
the range of 100 to 1000 ppm water, the range for most real-world samples. In this case, 443.3 mg CuSO4
contained in a vial was added quickly (2 to 3 seconds) to a 20 ml vial containing 5 ml of oil, wherein the
suspension was stirred for 10 to 20 minutes. A 0.2 ml aliquot of the sample was collected into a disposable
plastic syringe and the syringe connected to the Luer™ lock of the membrane assembly. Then 0.2 ml of the
sample was transferred into the headspace of the membrane assembly and a short 1 to 3 seconds pulse of
N2 gas was used to push this volume through the membrane. The combination of the mass of CuSO4 and
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volume of oil passed through the membrane in Step A resulted in an absorbance value from 0.12 to 1.2 for
the water bending mode at 1743 cm-1 for concentrations of water in oil from 100 to 1000 ppm.

Figure 4.2. Flow Chart used to determine an unknown concentration of water in power steering fluid in
the range of 10 to 3500 ppm.

Table 4.1. Experimental Parameters used for Steps A-C for measuring unknown concentrations of water in
oil.

Step

Test range

Vol. of sample

Amount of

Reaction time

Vol. (ml) passed

Abs. at 1743

(ppm)

(ml)

CuSO4

(minutes)

through the

(cm-1)

(mg)

membrane

A

100 -1000

5

443.3

10

0.2

0.12  ـــ1.2

B

10 - 100

5

44.3

10

2

0.12  ـــ1.2

C

1000 - 3500

5

1551.7

20

0.025

0.12  ـــ0.4
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When the intensity of the band at 1743 cm-1 was lower than 0.12 absorbance units or not observed
after Step A, then the water concentration was below 100 ppm. In this case, Step B is performed. The
syringe was connected to the Luer™ lock of the membrane assembly and held vertically while passing a 2
ml sample. The remaining sample in the headspace of the assembly was then pushed through the membrane
using a short pulse of N2 gas. Using the parameters in Step B, the intensity of the band at 1743 cm-1 ranged
from 0.12 to 1.2 for 10 to 100 ppm of water in oil. If Step A led to the intensity of the band at 1743 cm-1
greater that 1.2 absorbance, the water concentration is greater than 1000 ppm and Step C is performed to
determine the water concentrations between 1000 to 3500 ppm. In Step C, 25 µl of sample was applied to
the surface of a membrane using a micropipette. Details of the procedure for depositing 25 µl are given
elsewhere.102,105

All spectra were recorded using an ABB-Bomem FTLA 2000 spectrometer. Each spectrum
consisted of 100 scans at 8 cm-1 resolution. The reference for all spectra was recorded through a membrane
fully wetted with pure oil. The amount of oil needed to wet the membrane was about 25 µl. Since this
volume is much lower than the minimum sample volume of 5 ml, the contribution of water in the oil from
the reference spectrum is negligible. Furthermore, no differences were observed in quantification when
references were recorded just prior to recording the sample spectrum and spectra recorded using reference
spectra from several months prior to running a sample.

4.3. Results and Discussion
4.3.1. Qualitative Aspects of the Method

The broad band at 3400 cm-1 used in ASTM E2412 for determining the water concentration in oil
arises from hydrogen bonding between water molecules. Hence, from purely spectroscopic arguments,
ASTM E2412 measures the amount of water present in water droplets and not the water fraction dissolved
in the oil. Furthermore, interaction of the water with impurities or components in the oil can lead to a
distortion of the 3400 cm-1 peak, as in the case of the spectrum of 1000 ppm water in vegetable oil (see
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Figure 4.3a). Here, a series of broad bands are observed between 3300 and 3700 cm-1 that arise from
hydrogen bonding of the water with steric acid present in these oils. The second problem arises from
scattering of the infrared light by the water droplet, as for the case in the spectrum of 1000 ppm water in
EP fluid, shown in Figure 4.3b. Here, the scattering is so severe that no band at 3400 cm-1 is observed. As
described in ASTM E2412, the solution for these two oils is to establish a calibration curve with known
quantities of water spiked into the oil matrix. In the case of EP fluid, the calibration consists of measuring
the offset in the baseline absorbance value near 3400 cm-1, which is equivalent to a light scattering
measurement.
The third type of distortion in the water peaks occurs when impurities or additives in the oil interacts
with the dispersed water. This is exemplified in the spectra of 1000 ppm water in power steering fluid,
shown in Figure 4.3c. Of interest in this spectrum are the asymmetric and symmetric OH stretching modes
of water at 3450 and 3421 cm-1. The appearance of the two sharp bands in the power steering fluid shows
that the water molecules are not hydrogen bonded to each other, as would occur in water droplets. This is
similar to 100 ppm of water in CCl4 which produces two sharp OH stretching modes at 3707 and 3616 cm-1,
shown in Figure 4.3d. In CCl4, the interaction of water and CCl4 molecules is via weak van der Wall’s
interactions. The shift to lower wavenumbers and reversal of intensities for the two stretching modes in
power steering fluid shows a much stronger interaction of the water and was determined to arise from the
interaction of water with zinc salts that are the decomposition product of zinc dialkyldithiophosphate
(ZDDP).102 The ZDDP is added as a corrosion inhibitor to the power steering fluid.
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Figure 4.3. Infrared spectra of 1000 ppm of water in (a) vegetable oil, (b) EP fluid, (c) power steering
fluid. Curve (d) is 100 ppm of water in CCl4. Spectra were recorded using a 1.2 mm fixed pathlength cell
for the oils and a 1 cm glass cuvette for CCl4.

At first glance, ZDDP would be a good choice to test the concept of using an additive to generate
a repeatable, albeit distorted water spectrum that could be used to quantify water in any oil. Thus, our initial
approach centered on adding ZDDP to oils, as we hypothesized the interaction of water with the ZDDP
would yield two unique bands at 3450 and 3421 cm-1. The attractive aspect of this approach is that the water
could be quantified by simply recording a spectrum of the oil in a standard transmission liquid cell of fixed
pathlength and measuring the intensity of the water peak at 3421 cm-1. While we did see an increase in
water peak at 3421 cm-1 with addition of ZDDP to transmission oil, this approach did not work with most
oils and was particularly problematic with oil samples containing water droplets. In this case, the ZDDP
remained in the oil phase and only interacted with the water molecules located at the oil/water interface and
not water in the interior of the droplet.
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Our experience with ZDDP showed that the additive would have to 1) freely navigate between both
oil and water phases, as well as 2) interact more strongly with water than other components in the oil,
including the salt byproducts of ZDDP. To this end, the material we identified were particles of group II
metal complexes, as these are known to form hydrates. There have been many studies involving the
cation-water complexes of group II metals (Mg+, Ca+, Sr+, etc.).106–108 For example, CuSO4 will adsorb
water molecules to form CuSO4·5H2O. To test this concept, we selected EP fluid, as this oil exhibits
complete scattering of infrared light due to water droplets, and transmission oil, as the dissolved water has
a very strong interaction with salts byproducts of ZDDP.
In the crystal structure of CuSO4·5H2O, four water molecules are surrounded and coordinated to
Cu+2 ions and the fifth water molecular is hydrogen-bonded with SO4-2, forming an octahedral complex.109
The infrared spectrum of CuSO4·5H2O shows peaks at 3420 and 1667 cm-1 assigned for OH stretching and
bending modes, respectively, for copper sulfate pentahydrate.86,110 However, the coordination of water with
CuSO4 produces several hydrates from the monohydrate CuSO4.H2O, to the pentahydrate, CuSO4·5H2O. In
the infrared spectrum, bands due to the OH stretching and bending modes of water in each of these hydrates
vary in wavenumber and intensity. For example, the OH stretching mode of water in CuSO4·5H2O appears
as a broad band at 3420 cm-1 whereas, this band has lower intensity and shifts to 3190 cm-1 in CuSO4·H2O.110
Similarly, the bending mode of the water in CuSO4·5H2O appears at 1667 cm-1
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and this band shifts to

higher frequencies between 1723 to 1753 cm-1 for the other hydrates, due to the strong coordination of a
single water molecule with the Cu+2 cation.111 Thus, at first glance, the use of CuSO4 to detect water by
infrared spectroscopy would be difficult at best, because the various hydrates formed would lead to a
complex water spectrum containing several bands that vary in intensity and position.
In our approach, we do not form these various hydrates with multiple bands but rather we only
form CuSO4·H2O, as described by the reaction in Equation 4.1 and evidenced by the spectra shown in
Figure 4.4.

79

𝑪𝒖𝑺𝑶𝟒(𝒔) + 𝑯𝟐 𝑶(𝒍) → 𝑪𝒖𝑺𝑶𝟒 ∙ 𝑯𝟐 𝑶(𝒔)

(4.1)

The infrared spectra shown in Figure 4.4 were obtained after adding CuSO4 particles to samples
containing 10 to 3500 ppm of water in power steering fluid and then passing known volumes of the
suspension through an infrared transparent membrane. The regions between 3000 to 2800 cm-1 and 1250 to
1130 cm-1 are opaque, due to the strong CH modes of the oil and the strong CF modes of the membrane,
respectively. The two bands at 1446 and 1364 cm-1, along with the bands in the 800 to 600 cm-1 region, are
due to the CH bending modes of the power steering fluid. The presence of positive oils bands indicates that
we have more oil in the sample spectrum than in the reference spectrum. Even though the reference
spectrum is recorded though a membrane fully saturated with oil, the amount of oil probed by the infrared
beam, when running the sample spectrum, is often different from the reference, due to slight differences in
the thickness of individual membranes. This leads to weak positive or negative CH bending modes
appearing in the spectra. There are also bands centered at 1105, 1020 and 809 cm−1 assigned to the
asymmetric stretching (v3), symmetric stretching and bending (v1 and v2) vibrations of the SO4−2 group,
respectively. The presence of the SO4−2 bands shows that the CuSO4 particles are collected on the
membrane.
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Figure 4.4. Infrared spectra of CuSO4 powder added to power steering fluid containing different levels of
water. The amount of CuSO4 added to the sample and the volume processed through the membrane are

defined in Table 4.1.

The band at 1743 cm-1 is due to the OH bending vibration mode of CuSO4·H2O produced from
coordination of a single water molecule with CuSO4.111 The strong coordination of water to the CuSO4
through the oxygen atom of the water with the Cu2+ leads to a shift of the bending mode in bulk water at
1640 to 1743 cm-1. The intensity of the band at 1743 cm-1 varies with both the concentration of water in the
oil and the volume of sample passed through a membrane. The bands due to water bound to ZDDP
byproducts at 3450 and 3421 cm-1 are not observed. This shows that CuSO4 meets the requirement of being
able to strip away the water bound to the ZDDP byproducts. Furthermore, no band due to the OH stretching
modes near 3400 cm-1 are observed in the spectra, showing that all water in the sample is bound to the
CuSO4.
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The difference between the spectrum of water and those shown in Figure 4.4 occurs because the
transition dipole moment for the bending mode in water is orthogonal to that of the stretching mode. When
water is strongly bound through the oxygen atom to a surface Lewis site on a metal oxide, the transition
dipole of the bending mode is enhanced, leading to a spectrum that has only the bending mode observed.97
Similarly, when water is coordinated to the Cu+2 ion in CuSO4 through the oxygen atom of water, the
intensity of the bending mode of water enhanced relative to the stretching modes. This is indeed the case,
as the extinction coefficient for the OH bending mode at 1743 cm-1, determined later in this article, was 6.0
± 0.2 cm2/mg, which is about 5 times higher than the value of 1.2 cm 2/mg for the OH bending mode at
1640 cm-1 of bulk water.102 IR spectra of water, where only the bending mode is observed, have been
reported for the monohydrate of CuSO4 and for water adsorbed on the metal oxides.97,111 This contrasts to
the infrared spectrum of liquid water, where the most intense band is a broad band near 3400 cm-1, which
is about 2.5 times more intense than the bending mode at 1640 cm-1.
The reason for forming only the CuSO4 monohydrate and not polyhydrates of CuSO4 is due to the
particulate nature of the CuSO4 and the low concentration of water in the oil. CuSO4 is orthorhombic (Pnma)
and for a 0.5 µm particle size, we calculate that a 6-fold excess on a per mole basis of CuSO4 is needed for
each Cu2+ on the surface to bind with the water in the oil. Evidence supporting this is shown in Figure 4.5.
In Figure 4.5, a 10-fold excess CuSO4 added to the oil sample is required to have 100% of the water bound
to CuSO4 to form CuSO4·H2O. The spectrum obtained after addition of a 1:1 mole ratio CuSO4 to power
steering fluid shows the band at 1743 cm-1 due to water bound as CuSO4·H2O, along with two bands at
3400 and 1640 cm-1, attributed to the OH stretching and bending modes of water. The bands at 3400 and
1640 cm-1 are due to water adsorbing on the membrane and shows that the CuSO4 has not reacted with all
the water in the oil sample. In contrast, after addition of 10-fold excess CuSO4 to a stirred beaker for 10
minutes, the spectrum obtained showed no evidence of water extracted on the membrane (no bands at 3400
and 1640 cm-1) and the band at 1743 cm-1 increased in intensity. The appearance of a single band at
1743 cm-1 shows that the reaction of CuSO4 with all the water in the oil sample is complete to form
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CuSO4·H2O. It is this shift in wavenumber of the bending mode of water from 1640 to 1743 cm-1 that forms
the basis for development of the method described in this article. This shift in frequency enables
identification of water bound to CuSO4 and eliminates distortions due to water bound to other interferents
or from scattering due to water droplets in the oil.

Figure 4.5. Spectra obtained for 1x and 10x excess CuSO4 added to 100 ppm water in power steering
fluid.

4.3.2. Quantitative Aspects of the Method

The total mass of water captured by the membrane is determined from Equation 4.2:
𝑴𝑯𝟐𝑶 = 𝑨 ∗ 𝝅𝑹𝟐 /𝝐
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(4.2)

where MH2O is the total mass (mg) of water captured by the membrane, A is the peak absorbance
value for the H2O bending mode at 1743 cm-1, ϵ is the extinction coefficient (cm2/mg H2O) and R (cm) is
the radius of the membrane.
The membrane diameter used in the experiments is 1.3 cm, which has an area of 1.33 cm2.
However, the active diameter of the membrane is reduced to 1.15 cm by the Teflon™ O-rings used in the
membrane assembly. Thus, the radius is reduced to 0.575 cm and the active membrane area, when capturing
the CuSO4·H2O particles, is 1.05 cm2. The concentration of water in the oil in units of ppm (CH2O (ppm)) is
then calculated using Equation 4.3:

𝑪𝑯𝟐𝑶 (𝒑𝒑𝒎) =

𝑴𝑯𝟐𝑶 (𝒎𝒈)
𝟗
𝒈 ∗ 𝟏𝟎
{𝑽(𝒎𝒍) ∗ 𝝆 (𝒎𝒍)}

(4.3)

where MH2O is the mass of water determined from Equation 4.2, V is the volume of oil passed
through the membrane and ρ is the density of the oil.
The first step is to determine the extinction coefficient for the band at 1743 cm-1. A 10x mole excess
CuSO4 was added to a series of stirred vials containing 5 ml of power steering fluid with known
concentrations from 10 to 1000 ppm water.
The suspensions were mixed for 10 minutes and the color changed from yellow to green, which is
evidence that the water bound to CuSO4 particles. Then, various volumes of the suspension (2 ml for 10
ppm and 0.2 ml for all other concentrations) were extracted and passed through a 13 mm diameter
membrane. Infrared spectra were recorded, and the Beer’s Law plot shown in Figure 4.6 was generated
using the intensity of the band at 1743 cm-1 versus the mass of water captured per area of the membrane. In
generating the Beer’s Law plot in Figure 4.6, it was assumed that 100% reaction of water in the oil occurred
with the CuSO4. Evidence to support this was the absence of bands at 3400 and 1640 cm-1 due to excess
water in spectra. This was confirmed by analyzing the water content in the supernatant of an oil sample
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containing 10x CuSO4. The suspension was centrifuged and analysis of water content by KFT in the
supernatant showed no water remaining in the oil. Thus, all water in the oil was bound to the CuSO4.
Furthermore, after passing a sample of the suspension through the membrane, no particulates were found
in the effluent. Hence all particles were captured on the membrane and the plot shown in Figure 4.6 is a
Beer’s Law plot and not a calibration plot. Using a statistically weighted linear regression, the extinction
coefficient for the bending mode of water at 1743 cm-1 determined from the slope of the plot in Figure 4.6
had a value of 6.0 ± 0.2 cm2/mg of H2O (95% confidence). While four concentrations were used to generate
this plot, Figure 4.6 shows only three points because the 10 and 100 ppm have the same absorbance value
due to different volumes processed through the membrane.

Figure 4.6. Beer’s Law plot of the mass of water captured per area of the membrane versus the intensity
of the band at 1743 cm-1.
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Once the extinction coefficient was determined, the concentration of water in oil using Equations
4.2 and 4.3 could be determined. The data showed in Figure 4.7 represent the values for water
concentrations in power steering and EP fluids determined by the membrane method compared to the values
measured by KFT. The data plotted for the CuSO4 based method was obtained by using various
experimental parameters, described in Table 4.1, to cover the range of 10 to 3500 ppm. Each sample was
processed through a membrane at least three times. The error bars are plotted at the 95% confidence level
and the average %RSD for all measurements was 6%. The slope values were determined using a statically
weighted linear regression and gave values of 0.99 ± 0.01, 0.97 ± 0.07 for power steering fluid and EP fluid,
respectively. This showed that values equivalent to KFT were obtained over the entire concentration range.
An R2 value of > 0.999 showed excellent linearity over the range of 10 to 3500 ppm of water.

Figure 4.7. A plot of H2O concentration measured by the CuSO4 method versus KFT for power steering
and EP fluids.
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4.4. Conclusion
The purpose of this study was to investigate the concept of adding an “interferent” that interacts
with the water in oil to produce a unique distortion in the infrared bands of water that, in turn, could be used
to measure water content in oils. Our approach is based on the coordination of the water molecules in oil
with the anhydrous CuSO4 powder to form copper sulfate monohydrate (CuSO4·H2O). The CuSO4·H2O
particles were collected on an infrared transparent membrane and an infrared spectrum was recorded in
transmission mode through the membrane. The method leads to shift and change in the IR bands of water
that occurs when water bonded to anhydrous CuSO4 and avoids the light scattering due to the presence of
water droplets in oil, as well as the distortions in the water bands by interactions of the water molecules
with the oil itself or with the oil additives. The water concentrations are measured from the intensity of the
OH bending vibration mode of water at 1743 cm-1. The approach provided a linear response over the range
of 10 to 3500 ppm water in oil and produced values equal to those obtained by KFT. Furthermore,
measuring the intensity of the single sharp band at 1743 cm-1 enables the use of low cost filtermetric based
spectrometers that would be on par to the cost of KFT equipment.
All three concepts (membrane extraction102, reaction with CaO105, distortion of water bands using
CuSO4, this paper) centered on the use of an IR transparent membrane work equally well in terms of
accuracy and precision to KFT over a wide concentration range. The membrane extraction concept is
attractive in that no chemicals are added but care must be exercised to minimize water evaporation from
the membrane. A cooling sample stage is required for this approach. Both the CaO and CuSO4 approaches
do not require a cooling stage and provide similar results. The CaO method is based on measuring the band
of Ca(OH)2 at 3645 cm-1 which occurs in a region where there is less interference than the water bending
mode band at 1743 cm-1 for the hydrate of CuSO4. In contrast, the band at 1743 cm-1 in the CuSO4 approach
is prone to interfere with the other components in oils. For example, we are not able to measure water
concentrations in vegetable oil because the vegetable oil has a strong band that appears between 1750 and
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1640 cm-1 due to the presence of a C=O stretching mode. This strong C=O band does not allow for detection
of the band at 1743 cm-1 and thus measurement of the water concentration in these oils.
The three approaches, however, provide a suite of choices that provide a broad latitude for use with
a wide variety of oils and a means for cross-validation of the use of IR transparent membranes coupled to
infrared spectroscopy for determining the concentration of water in these oils.
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CHAPTER 5
FUTURE WORK
5.1. Build a Chiller to Cool the Membrane and Avoid Evaporation of the Water

In Chapter 2, we described an approach to measure water content in oils by IR spectroscopy that
uses an IR transparent membrane. However, the problem with this approach was that it required a cooling
system to avoid evaporation of the water layer from the membrane during recording of an infrared spectrum.
For that reason, we designed a home-built sample holder and we found that the water peaks in the spectrum
remained constant for at least 6 minutes after using the cooled sample holder. We plan to design a more
efficient cooling system with circulating fluids for this purpose and less cost, compared to the commercial
cooling systems. A new chiller would be designed using a small freezer set at ~ -20 ⁰C. The freezer will
contain a container that can be filled with antifreeze fluid, as shown in Figure 5.1.

Figure 5.1. A picture of setup for the membrane cooling system.
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A small pump will be used to push a cold fluid through tubes that will be connected to the cooling
coil surrounding the membrane assembly. The cold antifreeze fluid will continue cooling the membrane
inside the holder and back through the tube to the container inside the freezer. In this case, the spectrometer

sample compartment should be purged with N2 gas or dry air to prevent adsorbing the atmospheric
water onto the cooled membrane assembly. It is anticipated that designing this new chiller would
solve the water evaporation issue and make the approach easier.
5.2. Design a Low-Cost Filtermetric System to Measure the Intensity of the OH Peak at 3645 cm-1
in Ca(OH)2

In Chapter 3, we added CaO powder to the oil sample and it reacted with the water in the oil to
form Ca(OH)2. The amount of water in the oil over the range of 1 to 10000 ppm is determined by measuring
the intensity of the OH stretching mode of Ca(OH)2 at 3645 cm-1. Although this method works well, we
plan to develop a low cost filtermetric system, instead of an FTIR, to measure the intensity of the OH
stretching mode at 3645 cm-1. We need a compartment to hold the membrane assembly and would use an
IR LED light as a source with a known wavelength which can cover the require spectrum region from 14000
to 10 cm-1.112 We anticipate that the system will require 3 filters and 3 detectors to collect the absorbance
data (see Figure 5.2). Two of the filters would provide the signal intensity above and below the peak location
and the third filter would be centered on the band at 3645 cm-1. An alternative design would use one detector
and a filter wheel containing the three filters that would sequentially be placed in the beam path. Purchasing
a KFT systems are about $6000 whereas the lowest cost FTIR spectrometers are about $15000. Using a
simple filtermetric system instead on and FTIR spectrometer would reduce the equipment cost to be
comparative with KFT.
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Figure 5.2. A schematic of setup for the low cost filtermetric system.
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